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To truly realize and exploit the extremely powerful information given from surface-
enhanced Raman scattering (SERS) spectroscopy, it is critical to develop an 
understanding of how to design highly sensitive and selective substrates, produce specific 
and label-free spectra of target analytes, and fabricate long-lasting and in-the-field ready 
platforms for trace detection applications.  The study presented in this dissertation 
investigated the application of two- and three-dimensional substrates composed of 
highly-ordered metal nanostructures.  These systems were designed to specifically detect 
target analytes that would enable the trace, label-free, and real-time detection of 
chemicals and biomolecules.  This study was also designed to provide details regarding 
the interactions of such molecules at the interfaces of nanostructure assemblies which 
will help in improving the reliability, understanding, and possible future application of 
Raman spectroscopy in the fields of chemical, environmental, and biological sensing.  
Specifically, the uniqueness of this study can be summarized through the following novel 
findings, fabrication processes, and characterization techniques: 
 
 New insight into the required properties for maximizing electromagnetic Raman 
enhancement in three-dimensional porous alumina substrates by designing metal 
nanostructure shape, density, aggregated state, and most importantly aligning the 
substrate pore size with the excitation wavelength used for plasmonic enhancement. 
 
 Development of design principles of noble metal nanostructures such as composition, 
exposed facets, and capping agents and how these characteristics can affect chemical 






 A new micropatterned silver nanoparticle substrate fabricated via soft lithography 
with specific functionalization which allows the simultaneous analyte and 
background detection for trace concentrations of the target biomolecule, 
immunoglobulin G. 
 
 A novel functionalized SERS hot spot fabrication technique which utilizes highly 
specific aptamers as both the mediator for electrostatic assembly of gold nanoframe 
dimers as well as the biorecognition element for the target, riboflavin, to properly 
locate the tethered biomolecule within the enhanced region for trace detection. 
 
We suggest that the understanding of SERS phenomena that occur at the interface of 
nanostructures and target molecules combined with the active functionalization and 
organization of metal nanostructures and trace detection of analytes discussed in this 
study can provide important insight for addressing some of the challenges facing the field 
of SERS sensor design such as high sensitivity and selectivity, reliable and repeatable 
label-free identification of spectral peaks, and the well-controlled assembly of functional 
metal nanostructures.  This research will have a direct impact on the future application of 
SERS sensors for the trace detection of target species in chemical, environmental, and 
biomedical fields through the development of specific design criteria and fabrication 







Developments in sensing devices and methods have grown widely and quickly over the 
past few decades as a result of advances in technologies across many fields.  One of the 
most progressive and important areas of advance has been in biological detection systems.  
Advances in the detection accuracy and quantity are needed for the early detection of 
biomarkers related to both long-term disease monitoring and in-the-field detection 
scenarios where fast and accurate detection is required.  The demand for a robust method 
of fast, selective, sensitive, and multiplexed detection of biomarkers has become 
extremely high to meet the needs of the fast growing field of biosensing for health and 
bioenvironmental monitoring.
1
  Many different techniques have been developed and are 
currently being used to detect biological species which include fluorescence-, mass-, and 
colorimetric-based assays.  Common biological detection methods such as enzyme-linked 
immunosorbent assays (ELISA), surface plasmon resonance (SPR) techniques, or 
fluorescence resonance energy transfer (FRET) often require complicated and time-
consuming sample preparation such as labeling and provide only indirect qualitative 
measurements of the bioanalyte of interest.
2
  On the other hand, there are very few 
detection methods that can provide a unique chemical signature for the target biomolecule 
that will allow for its specific and trace detection.  Raman spectroscopy in its enhancement 
mode, shows promises as a tool for the label-free detection of biomolecules in minute 
quantities.
3,4
   
 
In particular, Raman spectroscopy may be useful for sensitive, miniature, in-vitro, and 




generation of intelligence, reconnaissance, and surveillance devices.  Raman spectroscopy 
may also provide a pathway for rapid, continuous, real-time monitoring of the cognitive 
function, state of fatigue, and environmental exposure of individuals in harzardous or 
stressful conditions, such as warfighters, pilots, and air traffic controllers, who are 
required to make sound decisions under pressure.  The important transition between need 
and design is the in-depth understanding of fundamental concepts related to the nanoscale 
chemical and physical phenomena utilized in the biodetection mechanism.  Therefore, the 
investigation of the fundamental principles and issues related to developing effective 
biomolecular sensors utilizing Raman spectroscopy as the detection mechanism, in 
particular those utilizing selective molecules for the targeted detection of biomarkers, are 
of primary importance. 
 
1.1.1 Common methods for molecular sensing 
Molecular detection and identification is a critically important issue for the fields of 
analytical chemistry, polymer chemistry, and medicine and there have been a myriad of 
techniques developed in these fields.  For the direct identification of chemical functional 
groups and elemental composition of solution-based molecular samples (polymers, small 
organic species, biomolecules) techniques such as nuclear magnetic resonance (NMR) 
spectroscopy, mass spectroscopy, and FTIR are typically used.   
 
Nuclear magnetic resonance is one of the most powerful techniques for determining the 
composition and stereochemical configuration of macromolecules including polymers 
and biomolecules.
5
  In fact, in the field of biology, NMR has been the dominant method 
for determining protein structure and function because it allows the three-dimensional 
determination of the protein structure in solution as it would behave in a physiological 
environment.
6,7




through the determination of ions in the gas phase formed through ionization or 
fragmentation and has found broader applications in more advanced modes such as 
matrix-assisted laser desorption ionization (MALDI) which can transfer larger molecular 
ions with less fragmentation.
5,8
  In the field of proteomics, mass spectroscopy has been 
used to study signaling pathways, protein and nucleic acid interactions, and substrate 
interactions, as well as basic biomolecule identification.
9
   
 
Fourier transform infrared spectroscopy (FTIR) spectra are obtained by monitoring the 
absorption of electromagnetic radiation (infrared) and the subsequent conversion of this 
absorbed radiation into specific molecular motions that are determined by the functional 
group and binding state of the chemical species.
5
  FTIR has also been used quite 
extensively in the field of biology for protein identification and secondary structure 
determination; however, great care must be taken to ensure the results are physiologically 
relevant.
10,11
  The related vibrational spectroscopic technique, Raman spectroscopy, is the 
key characterization tool used in this work and is discussed separately in greater detail in 
following sections. 
 








These approaches allow for a lab-based identification of molecules, but for more 
simplified and clinical-type applications, colorimetric and fluorescent based sensors are 
more commonly used.  These approaches provide a simple readout that can be 
quantitative or qualitative for ease of interpretation and therefore these sensing platforms 
have found a great deal of application in biosensors.
12
  In fact, many colorimetric assays 
utilize gold and silver nanoparticles as the color changing mechanism.
13,14
  One example 
is the detection of the biomolecule riboflavin using aptamer-functionalized gold 
nanoparticles in solution.
15
  Depending on the aptamer length and the binding condition 
of the analyte, the color as read by the eye or quantitatively using a spectrophotometer 
will change due to aggregation of the gold nanoparticles (Figure 1.1).  Fluorescent 
immunoassays are also commonly used for the detection of biomolecules as has been 
demonstrated with neuropeptides as well as DNA detection.
16,17
  These techniques will be 
described in more detail in subsequent sections.  Although colorimetric and fluorescent 
based methods provide a simple readout, they rely on the secondary reaction of a reporter 
molecule or nanostructure leading to the higher possibility of false positives and 
inaccurate concentration readings. 
 
1.1.2 Surface-enhanced Raman scattering 
Raman spectroscopy has been shown to be an extremely useful technique for bioanalyte 
detection.
18
  Although normal Raman spectroscopy offers a wealth of information, it has 
generally been disregarded as a trace-detection analytical tool due to the very low 
scattering cross-section.
19
  Without the presence of resonances, the differential Raman 






, i.e., more than 10 orders of magnitude lower 
than that of ordinary fluorescence.  In order to overcome this deficiency in signal 
intensity, surface-enhanced Raman scattering (SERS) is utilized because it can provide 
up to 14 orders of magnitude in signal enhancement.
20









The SERS enhancement phenomenon is a result of contributions from electromagnetic 
and chemical enhancments.  As known, when metallic nanostructures are exposed to an 
electromagnetic field, several excitation events can occur such as dipole plasmons, 
multipole excitaitons, and interband transitions.  Dipole plasmon excitation, caused by 
the oscilating conductive electrons resulting from the ac electric field of the incident light 
source, is the dominant source of excitation in metal nanoparticles (Figure 1.2).
23,24,25
  
There are several factors that influence the plasmon resonance of metal nanostructures 
and subsequently the electromagnetic portion of the overall SERS enhancement including 
the density of electrons, interactions with other nanoparticles and their shape, and the 
dielectric ambient.
26
  The surface plasmon enhancement effect is a highly localized 
phenomenon that occurs when the analyte is within 2-5 nm of the particle and then 
diminishes quickly with increased distance.
27
   
 
Figure 1.2  Localized surface plasmons of metal spheres with displacement of the 







The optimal size for metal nanoparticles to exhibit “near-field” enhancement is 10-80 nm 
and this effect decays over a distance on the order of the size of the 
nanoparticle.
28,29,30,31,32
  It is possible to tune the surface plasmon resonance of the 
nanoparticles by adjusting their size, shape, and composition in order to achieve 
maximum interaction with the excitation source.
33,34
  For nanoparticle aggregates, 
plasmon coupling produces a further increased electromagnetic field at longer 
wavelengths at particle junctions (“hot spots”).  It has been shown that up to 50% of 
overall Raman enhancement is the result of only 1% of total analyte concentration when 
that small fraction of analyte is located at hot spot junctions using substrates containing 
silver nanostructures.
35
   
 
The greatest degree of Raman enhancement has been shown to occur between the 
wavelength of the excitation source and the wavelength of the Raman band of the 
analyte.
36
  Figure 1.3 shows the relationship between the surface plasmon band of the 
metal nanostructure and the wavelength of the excitation laser for maximum SERS 
ehancement.  It is predicted that the maximum SERS enhancement occurs when the λLSPR 
(absorption peak) of the metal nanostructures lies between the λex (excitation wavelength) 
and λvib (particular vibrational band of the analyte molecule, in this case correlating to 
1360-1644 cm
-1
 for Rhodamine 6G (R6G) and 1356-1587 cm
-1





                                                                          (Eq. 1) 
 





The vibrational wavelength of the analyte peak range (λair) can be calculated from Eq. 1, 
where Δνvac is the Raman peak location, vvac is the wavenumber of the excitation laser 
source, and δ is the correction factor.  The correction factor is ignored in our calculations 
because it is on the same order (~5 cm
-1
) of the error associated with the grating 
(600g/mm) of our Raman system and the correction factor does not significantly 
contribute to the Raman peak location of the analyte. 
 
In this study, we have adopted a useful expression (Eq. 2) which allows for the estimation 
of the necessary location for the plasmon resonance band peak (λLSPR) of the metallic 
Figure 1.3  Plasmonic behavior of nanostructures with different shapes and 
compositions and the corresponding excitation source that is appropriate for a particular 
pairing of nanostructure and target molecule.  The UV-Vis-NIR spectra of silver 





nanostructures of the SERS substrate.  This equation is based on previous experimental 
results of our group as well as literature values, which show that the λLSPR needs to be 
located approximately 1/3 of the distance between the excitation wavelength and the 
wavelength associated with the Raman peak of the analyte.
36
  Therefore, silver 
nanoparticles assembled in PAMs (λLSPR =450-550 nm) show strong SERS enhancement 
from R6G molecules.  This also means that when using an excitation wavelength of 
785 nm, gold nanoframe hot spots are appropriate as they show a λLSPR range from 750 to 
1050 nm, thus the resulting SERS enhancement can still be advantageous for riboflavin 
molecules.  This equation provides the necessary background information needed to 
intelligently guide experiments to practically achieve optimal electromagnetic SERS 
enhancement of each specific analyte. 
 
The second contribution to the overall Raman enhancement is the chemical enhancement 
which typically contributes up to 3 order of magnitude,
37
 although some studies predict it 






  Chemical enhancement occurs due to the binding of 
analyte molecules on the metal nanoparticle surface and the consequent overlap between 
the metal and adsorbate wavefunctions.
41
  Chemical enhancement is considered to be a 





 and non-resonant interactions.
44
   
 
The charge transfer and molecular resonance mechanisms arise when the incident 
radiation is in resonance with the molecule-metal charge transfer and the electronic 
transition in the molecule.  These mechanisms provide major contributions toward the
 
total enhancement of up to 10
6
 for highly resonant analytes such as rhodamine 6G and 
other fluorophores.
  
The non-resonant chemical mechanism occurs due to the interaction 








However, the specific underlying mechanisms of chemical enhancement for complex 
biomolecules are not well understood. 
 
1.1.3 Biological detection techniques 
In medical diagnostics, other methods for the detection of biomoelcules have been used 
due to the simplicity of the output data such as enzyme-linked immunosorbent assays 
(ELISA), blotting techniques, surface plasmon resonance (SPR), and fluorescence 
resonance energy transfer (FRET).  However, the key drawbacks of many of these 
detection techniques are their modest limit of detection and selectivity for the analyte, 
necessity for complex labeling steps, and the possible occurrence of false positives in 
complex fluids due to non-specific interactions.  ELISA is one of the most commonly 
used techniques for biomolecule detection since its development in 1971.
45
  This 
technique functions as a result of measuring the fluorescent signal of a labeled molecule 
that is either coupled or separated from a target leading to the ability to measure bound or 
free activity of biomolecules.
46
  This makes this a highly-used method in the field of 
proteomics; however, drawbacks include the reliance on a labeled molecule and a 
secondary reaction for detection.
47
 
Figure 1.4  Tracking surface absorption by SPR (a) prism-coupled configuration and (b) 







Another common technique for identifying and separating proteins is through gel 
electrophoresis which utilizes a potential across a cross-linked polymer gel matrix to 
separate proteins based on their size, shape, and charge density.
48
  This technique can 
also be applied to other biomolecules such as DNA for sizing.
49
  Surface plasmon 
resonance was first demonstrated as a method for gas and biological sensing in the early 
1980’s and has since seen widespread growth and attention particularly related to binding 
characteristics and kinetics of biomolecules.
50,51,52  
Surface plasmon waves in plasmonic 
materials are predominantly concentrated directly above the sensing surface and therefore 
are extremely sensitive to changes in the refractive index of this region.  This means that 
when the surface is functionalized with biorecognition elements, the capture of an analyte 
from solution can be seen as an increase in the refractive index and detected by an SPR 




Another technique that is used to monitor the interaction of different biomolecules is 
fluorescence resonance energy transfer (FRET), which utilizes the energy transfer 
phenomenon of closely situated fluorophores or nanostructures to detect molecular 
binding.
55
  Unlike typical fluorescent methods that can depend on probe concentration 
and environment, FRET can use varying ratios of fluorescent probes to simultaneously 
monitor fluorescent excitation/emission intensities at two different wavelengths, which 
means the ratios will not be affected by the environment.
56
  However, all of these 
methods have limitations that will be described in more detail in subsequent sections 









Here, we discuss the different materials that are of interest as components of surface-
enhanced Raman sensors.  This includes the optically-active metal nanostructures used 
for signal enhancement, porous 3D alumina membranes used as waveguiding and 
supporting platforms for sensors, and the biological ligands used to functionalize the 
sensors with highly specific moieties for biomolecule detection.  A complete 
understanding of the intrinsic properties of each component of the sensor allows for the 
rational design of highly specific and sensitive detection substrates. 
 
Nanostructure assembly has been an area of intense research due to the unique plasmonic 
properties of aggregated metallic nanoparticles useful for a number of 
applications.
57,58,59,60
  These nanostructure aggregates have shown a potential for a wide 









hazardous materials sensing and identification.
67,68,69
  In contrast to conventional and 
widely used spherical nanoparticles, anisotropic noble metal nanostructures such as 
nanowires, platelets, nanorods, nanocubes, and nanoframes with sharp edges and corners 
provide a great deal of surface area for molecular binding as well as orientation-
dependent plasmonic behavior.
70,71
  Metal nanostructures have been extensively studied 





including controlled release and drug delivery,
75




1.2.1 Metallic nanostructures 
In SERS studies, noble metallic nanostructures are utilized for their excellent optical and 
plasmonic properties.  Gold and silver nanostructures are optimal as a result of their 
interaction with light in the ultraviolet, visible, and near-infrared regime.  The optical 




size, shape, and state of aggregation leading to a wide range of tunability for proper 
sensor design (see Figure 1.3).  This tunability is particularly critical for SERS sensor 
design because the complex interplay between the target and the nanostructured hot spots 
requires light interaction over the entire visible and near-infrared range and can open 
possibilities for the detection of new analytes such as biological molecules.  A brief 
introduction on the structure and properties of gold and silver nanostructures that are 
most relevant to this study are discussed below. 
 
1.2.1.1 Silver nanostructures 
The plasmonic properties of silver nanostructures have recently become an area of 
intense research as a new application of the noble metal silver, which has traditionally 
been used for ornamentation, electrical conductors, mirrors, films for photography, and 
antimicrobial coatings in biomedical and textile applications.
77,78,79,80
  Also, small 
amounts of silver have historically been used medically as it is not harmful to human 
cells, but is lethal to most bacteria, which has also given silver applications in water and 
food disinfection.
81
  In a nanocrystalline form, silver has been used in a wide variety of 
areas for its exceptional properties and performance in electronics, chemical catalysis, 
biosensing, and optical labeling.
82,83,84,85
  The wide variety of applications of silver 
nanoparticles is the direct result of the extensive range of property tunability of such 







There have been a wide variety of chemical and photo reduction techniques developed 
for synthetic routes to produce nanocrystalline silver including simple spheres, cubes, 
rods, bipyramids, plates, and other complex structures (Figure 1.5).
90,91,92,93,94,95,96
  These 
techniques allow for the repeatable and often simple synthesis of silver nanostructures for 
plasmonic applications with peak absorbance ranging across the visible and near infrared 
regimes.  The shape and size of the nanostructure can be controlled by the capping agent 
used, the reaction conditions, and the ratio of reactants in the chemical reduction process.  
For example, Xia et al. have demonstrated that a perfect or truncated octahedron (lowest 
energy state) can be achieved by using sodium citrate as a capping agent because it 
preferentially binds to the (111) crystal face of the nanostructure.  On the other hand, 
when polyvinypyrollidone (PVP) is used as a capping agent, silver nanocubes can be 
formed because PVP preferentially binds to the (100) crystal face, leading to the 
Figure 1.5  Different shaped silver nanostructures that can be formed by varying the 







complete growth of the remaining regions.
89
  The stabilization of crystal faces that are not 
necessarily lowest energy allows for the synthesis of unique crystal growth and these 
strategies have been extensively studied. 
 
There are also silver nanoparticles reduction methods that do not require capping agents, 
which allows for direct surface reduction, no interference by capping agents in sensing 
studies, and simple, bath-type processing and conformal surface functionalization.  This 
technique is called electroless deposition and is a modified seeded growth method that 
can be applied to a variety of surface functionalization applications.  However, there are 
issues such as size uniformity and large-scale aggregation that can be viewed as either 
positive or negative attributes depending on the application. 
 
For their exceptional tunability of plasmonic and other properties, silver nanostructures 
have been applied in surface-enhanced Raman scattering (SERS) sensors.  An added 
reason for the use of silver nanoparticles for SERS is that these nanostructures do not 
have any electrical transitions in the visible regime which can lead to enhancement losses 
that occur in other metals such as gold or copper.
97,98
  Drawbacks of silver nanoparticles, 
however, are their extremely fast oxidation rate in air and questionable biocompatibility. 
 
1.2.1.2 Gold nanostructures 
Historically, gold has been used in a wide variety of applications such as coatings, 
jewelry, coins, and electronics as a result of its noble properties, meaning it is unreactive 
over long periods of time with no evidence of chemical oxidation or deterioration.
99
  
Gold has also been used in its molecular form as a catalyst for chemical reactions as well 
as in medicines.
100,101,102
  However, in this work, the focus will be on the unique 




from coupled plasmonic behavior with photoexcitation.  On the nanoscale (less than 100 
nm) gold can exhibit unique characteristics such as striking colors, but most importantly 




As a nanscale material, gold has been used extensively since ancient times for its vivid 
optical properties and methods for nanosized gold colloidal solutions date back to the 
Roman Empire.
104,105,106  
However, the first scientific publication of colloidal gold is 
attributed to Michael Faraday in 1857 for his report of the reduction of gold chloride in 
aqueous solution by phosphorous and stabilized with the addition of carbon disulfide.
107
  
In fact, the most widely-used method of chemical reduction of gold nanospheres follows 
a similar procedure in which a gold salt is reduced and stabilized with a capping agent in 
aqueous solution.
108,109
  Since that time, gold nanostructures have been applied in a wide 
variety of fields including medical imaging and diagnostics,
72,110,111





 as well as many other applications. 
 
As was previously described with silver nanoparticles, gold nanostructure shape and size 
play a tremendous role in the plasmonic behavior of the nanostructures leading to the 
ability to tune their absorption across the visible and infrared spectrum by changing these 
variables.  A great deal of work has been done to obtain different shapes and sizes of gold 


























Figure 1.6  Different shaped gold nanostructures that can be formed by varying the 







1.2.2 Porous alumina membranes 
There has been great interest in recent years directed at the development of porous 
nanohole arrays exhibiting a great degree of order.  These arrays have attracted attention 
due to their potential use as templating systems for nanostructures that can be used as 
optical, electronic, or magnetic devices.
116,117
  Anodic alumina is one such porous array 
and has been shown to provide a self-ordered nanochannel material.
118
  Through the use 
of a two-step anodization process, highly ordered porous alumina membranes have been 
formed with a large range of pore sizes from 50-400 nm (Figure 1.7).
119
  The change in 
pore size can be attributed to variation in the electrolytic solution (oxalic or phosphorous 
acid) and the applied voltage during synthesis.  The optical transparency of porous 
alumina membranes over a wide range of wavelengths (particularly in the visible regime) 
makes them ideal substrates for the study of nanostructure assemblies.  These membrane 
templates have been used for the fabrication of 3D SERS substrates as a result of their 
high degree of order, optical waveguiding properties, and ease of surface modification 







Figure 1.7  SEM micrographs showing the high degree of order and pore size tunability 







1.2.3 Standard Raman markers 
In order to provide a fair comparison between the novel two- and three-dimensional 
substrates described in this work, it is important that common, standard Raman analytes 
are used for initial verification of sensor function.  These molecules are typically 
fluorescent dyes or strongly binding small molecules.  Highly resonant fluorescent dyes 
such as rhodamine 6G can be deceiving when reported a substrate’s enhancement factor 
because they can contribute up to 10
6
 enhancement from chemical resonance of the 
molecule alone.
41,44
  For this reason, researchers often use benzenethiol as an alternative 
because it has a distinct Raman spectrum, has no innate chemical resonance, and can 
strongly bind to metal nanostructure surfaces as a result of the thiol-metal interaction.
120
  
These two common Raman analytes provide a foundation for the description of a 
substrate’s enhancement properties that can be universally understood and compared 
across the field of SERS research and are therefore the basis for molecular detection in 
this work. 
 
1.2.4 Biological molecules 
The understanding of biological processes and the extremely wide variety of molecules 
that influence and interact during such processes is a critical requirement for the 
development of future medical detection, treatment, and prevention therapies.  In many 
applications such as emergency workers, pilots, and medical personnel, it is critical to 
determine and monitor the level of fatigue and cognitive function of individuals.  
However, there are currently no in-the-field type monitoring systems for such 
applications that can provide reliable and label-free detection of specific biomolecules 
related to these issues.  In the following sections, the biomarkers of interest for stress-
related detection as well as the recognition elements to be used for their detection in this 




1.2.4.1 Stress-related biomarkers 
There are several different biological molecules that are interest in this study that range 
from neuropeptides and catecholamines, to hormones and vitamins, but all are related to 
stress, fatigue, and alertness reactions in the body.  Catecholamines and corticosteroids 
have been chosen due to their physiological importance as stress-related biomarkers, 
functionalities that can be observed via Raman measurements, and the relatively small 
size of these biomarkers compared to other biological species (Figure 1.8).  These 
biomolecules are important to monitor due to their ability to evaluate stress levels, 
cognitive ability, and fatigue.  Catecholamines are a group of biomolecules secreted from 
the andrenal glands and are derivatives of tyrosine.
121
  They are secreted in response to 
positive or negative stress.  Their release can create a rapid increase in the basal 
metabolic rate and can have a dramatic effect on the subsequent production of other 
biomolecules.  The concentration of catecholamines in the blood can also be an indicator 
of an individual’s current state of stress and alertness.  Cortisol is one example of a 
corticosteroid that has the primary function of increasing blood sugar and suppressing the 
immune system.   
 
To date, trace detection of catecholamines has not been studied using Raman 
spectroscopy.  However, there are several Raman studies of bulk samples that can be 
used as references for spectral assignment.
122,123
  For example, dopamine has 
characteristic Raman peaks at 785 cm
-1





 that can be monitored to determine the binding conditions and limit of 





These biomarkers offer a wealth of advantages for sensor design and understanding 
because they are small in size and contain functional groups that can be trapped within 
SERS hot spots at different levels of specificity.  The small size of these molecules 
allows for the capability to model how the biomolecule binds and to predict the Raman 
signature based on which functional groups interact with the metal surface.   
 
More complex and larger bioanalytes are also relevant to stress-related situations and can 
provide more detailed information regarding the state of fatigue such as neuropeptide Y, 
interleukin-1β, and orexin-A (Figure 1.9).
124,125,126
  Higher levels of orexin-A have been 
shown to increase cognitive function and ability in short term memory tasks.
127
  
Neuropeptide Y is attributed to food intake levels, sexual function, anxiety responses, and 
vascular resistance.
128
  Interleukin 1β is an important biomarker in the inflammatory 











  Another biomolecule for detection is riboflavin, also known as vitamin B2, 
is an important molecule for electron transfer reactions in the body, cell growth, and can 
even be used as a treatment for some clinical diseases. 
 
Another important biomolecule for trace detection is immunoglobulin G (IgG) which is 
the most abundant immunoglobulin in the blood and is produced in large quantities 
during secondary immune responses.
121
  For this reason, IgG can act as a representative 
molecule for the SERS detection of large proteins.  The binding of the Fc region of IgG, 
which coats microorganisms in the blood, and the Fc receptors of macrophages and 
neutrophils allows these phagocytic cells to bind, ingest, and destroy invading bacteria.
130
  
The accurate and trace detection of IgG is extremely important in an effort to better 
understand its role in complement responses in the body and other concentration 
dependent roles it may play.  IgG binding to specific surface chemistries is also of 
interest and can lead to further insight into SERS substrate design for specifically binding 











1.2.4.2 Biorecognition elements 
In order to detect trace amount of biomarkers in complex fluid, a great degree of 
specificity must be integrated into the sensor design.  This can be achieved by using 
specific biorecognition elements such as aptamers, peptides, or antibody fragments that 
bind specifically and only to the target molecule of interest.   
 
Among prospective selective biomolecules, aptamers are well-known short single-
stranded DNA or RNA sequences that can bind target molecules with a high affinity to 
different biomolecules.  The compact nature of these molecules gives them a distinct 
advantage over large-volume antibodies for designing selective “hot spots” for SERS 
detection.
131,132,133,134,
  Huh and Erickson have demonstrated the use of an aptamer to 
specifically detect the peptide hormone vasopressin using a fluorescent label as the 
Raman marker.
135
  The detection of adenosine triphosphate down to nM level was also 
demonstrated using SERS aptamer detection by Li et al.
136
  It was shown that the Raman 
spectra of the DNA thrombin-binding aptamer can differ significantly from its SERS 
a) b) c) 
Figure 1.10  Known aptamers for a) dopamine, b) riboflavin, and c) estradiol as 











Alternatively, short selective peptides with tailored sequences can be immobilized onto 
metal nanostructures by using proper functional linkers.  These molecules are selected 
according to phage display studies and are capable of firmly binding different synthetic 
and organic molecules such as cancer biomarkers and lethal molecules, and can be 
furthermore developed for different targets.
138,139
  Surface adsorption of peptides on 
various metal surfaces has been performed, but these studies typically did not utilize fine 
and well-controlled nanostructured surfaces.
140
  Other prospective highly specific probes 
are antibody fragments (nanobodies) which are short segments of selectively binding 
anitbodies that are not as bulky as traditional antibodies. 141 
 
As selective binding agents, functionalized short molecules and aptamers can be tethered 
to hot spot regions of the substrates using the strong interaction between a terminal thiol 
group and gold or silver surfaces in order to improve the selectivity and sensitivity of the 





 and estradiol are shown in Figure 1.10.  Aptamer selection and 
testing was done in collaboration with the Kelley-Loughnane group at AFRL.  The lowest 
energy folding structure of these single-standed DNA aptamer sequences is determined 
using the well-developed Mfold software.
144





In order to detect the SERS effect for specific analytes, the targeting molecules must be 
placed in a manner that allows the bioanalyte to be trapped within the interparticle 
junction.  This binding can be guided through the variation of grafting density of the 
targeting molecule as well as passivating other regions of the substrate.  The short 
synthetic organic ligands first tested in this project will be thioglycolic acid, which can 
bind to the amine group of dopamine.  One potential biomarker to be tested is dopamine 
because there are known selective binding aptamers for this biomolecule (Fig. 1.11).  The 
aptamer dopa2 has been shown to be selective for dopamine and will be employed as a 
targeting binding agent in our substrates.  There are several other examples of aptamers 
for dopamine composed of DNA and RNA
142,145
 and also for riboflavin and 
neuropeptide Y
146
 that can be purchased from Integrated DNA Technologies.  Selection 
of bioanalytes and corresponding aptamers was also conducted in collaboration with Dr. 
N. Kelley-Loughnane, who supplied properly design aptamers beyond those available 
commercially.   
Figure 1.11  a) dopa2 – aptamer selective for dopamine.
142
 b) Proposed binding 








1.3 Applications of SERS 
SERS has attracted much attention recently as a highly sensitive probe for the trace level 
detection of small organic molecules since the demonstration of single molecule 
detection.
20,22,147,148,149
  It has also been shown that SERS has great potential for 
monitoring internal chemical composition, inner stresses, and trace detection of 
hazardous molecules.
150,151,152,153,154,155,156,157
  SERS phenomenon is possible due to the 
large electromagnetic fields that exist in the small gaps between metal nanostructures 
called hot spots.
158
  The design of the substrate on which the SERS phenomenon becomes 
significant is the most critical aspect of a sensitive probe for small molecules or 
biomolecule analytes.
 
Various design strategies have been suggested in order to provide 
dramatic enhancement for the SERS response.  Typical SERS substrates include 
roughened metal nanoparticle films,
159,160 
metallic and bimetallic 
nanostructures,
63,71,161,162,163,164,165,166,167 
and three-dimensional porous 
substrates.
168,169,170,171
  The highly specific and sensitive detection of liquid and plastic 
explosives, hazardous chemicals, and biomolecules has been demonstrated using SERS 
as the detection mechanism elucidating the significance of this sensing technique.
64,68 
 
1.3.1 Chemical and environmental detection 
Arrays of nanoparticle assemblies show great potential for SERS enhancement due to 
their ability for guiding electromagnetic energy.
 172,173
  These nanostructured arrays can 
provide light confinement properties and excite hot spots for an enhanced 
electromagnetic field.
31,174,175,176,177
  The 3D ordering of metallic nanostructures can 
further increase field enhancement compared to planar 2D substrates.  Among others, 
porous anodic alumina membranes (PAMs) with ordered cylindrical nanopores have been 
widely used as 3D templates to assemble metallic nanostructures for SERS applications 
(Figure 1.12).
178,179,180,181




higher degree of light propagation through the depth of the vertically aligned channels 
and are beneficial for efficient light interaction because of optical transparency and 
waveguiding properties.
182,183   
 
 
The open nanoporous structures of this type which are exploited in previous studies in 
our group and in continuing research can also be advantageous for SERS sensing due to 
the high degree of through transport of analytes and high surface area which can result in 
excellent enhancement (Figure 1.12).
60
  These studies, using PAMs as SERS substrates, 
demonstrated record limits of detection for plastic and liquid explosives.  More 
specifically, the common plastic explosives of 2,4-dinitrotoluene (DNT) and 2,4,6-
trinitrotoluene (TNT) were detected down to 5-10 zeptograms of material within the laser 
Figure 1.12  (a) Chemical structure of 2,4-DNT and PEI used for binding. (b) Raman 
measurement of 2,4-DNT with different light incidences to the SERS substrates. The 
excitation light is parallel (1,2,3) and perpendicular (4) to the pore-canal axes. (c) 









spot and the common liquid explosive HMTD was detected down to 1 picogram.
68
  
HMTD was identified based on the degradation products evolved from this volatile 
molecule upon laser exposure during SERS measurement showing the versatility of the 
SERS technique as a method for the trace detection of small, unstable organic 
molecules.
64
  It is suggested that SERS can potentially provide a method for label-free 




1.3.2 Biological detection 
As has been mentioned in previous sections, current biomolecular detection is frequently 





 or FRET methods.
187
  These well-known approaches, however, do not provide a 
pathway for direct label-free detection of the biomolecular analytes within one measuring 
cycle.  These approaches also often require a complex sequence of fabrication and 
labeling steps, which are costly, time-consuming, and must be designed specifically for 
the biomolecular system of interest. 
 
The design of SERS substrates for trace biological detection is the most critical challenge 
for further advancement of this detection method.  The critical improvement should be 
done by switching from global binding based upon weak interactions, as facilitated by 
single-component functionalization of metal nanostructures (i.e. polyelectrolytes, capping 
agents, charged ligands), to a more sophisticated multifunctional selective binding 
platform.  By changing the surface functionalization of the metallic nanostructures of the 
SERS substrate, the specificity and selectivity of the substrate can be dramatically 
improved to allow the detection of trace concentrations and detection of single analyte 
species within complex mixtures.  To this end, specific binding agents such as antibodies 




simple organic ligands.  However, successful examples of such biofunctionalization are 
extremely rare.  Among prospective SERS-relevant binding sites, aptamers show the 
greatest promise because their selectivity has been demonstrated to be higher than the 
binding affinities of antibodies, they are more compact, and can be easily tethered to 
functionalized metal nanostructures.
188
  These properties all demonstrate the advantage of 
utilizing aptamers and are all critical for the trace detection of complex biomolecules. 
 
To date, most of the empirical efforts in this field are limited to the detection of small, 
highly resonant organic molecules with high Raman activity.  The few SERS studies 





 SERS systems.  These approaches have several 







drawbacks including the limited surface area of 2D systems, fluctuation in signal of 
solution methods, and overall lower enhancement than is required for the specific 
detection of physiological levels of complex biomolecules.  In order to overcome these 
challenges, there are many examples in literature where researchers choose to design a 
SERS substrate with an integrated Raman marker for ease of detection.
131,192 
 This 
technique is also used in common biological practices such as ELISA.  However, the 
specificity and absolute accuracy of such sensors is limited to that of the targeting 
element of the sensor (aptamer, antibody, peptide).  It is also necessary to run several 
controls for each test to verify that the target analyte is actually being detected rather than 
another component of the complex fluid indicating a false positive.   
 
Other reports have utilized the high specificity and selectivity of aptamers to detect 
biomolecules.  As known, aptamers are relatively short single-stranded DNA or RNA 
sequences that can bind target molecules with a high affinity.
193
  These molecules are 
relatively compact and can be derived chemically, giving them a distinct advantage over 
antibodies for designing biofunctionalized “hot spots”.
132,133
  Indeed, aptamers have 
recently been exploited in SERS sensors for the detection of adenosine (Figure 1.13).
131
  
This method relies on the controlled nanoparticle junction formed following adenosine 
binding and shows preliminary detection results for a strong biomarker, 4-
aminobenzenethiol.  Huh and Erickson have also demonstrated the use of an aptamer to 
specifically detect the peptide hormone vasopressin using a fluorescent label as the 
Raman marker.
135







1.4 Challenges for SERS sensor design 
Although Raman spectroscopy in its enhanced mode has shown a great deal of progress, 
there still remain grand challenges with regard to substrate consistency, data analysis, 
enhancement factor measurement and reporting, and actual real-world application and 
implementation of this technology.  Since its inception in the late 1970’s,
21,194,195 
surface-
enhanced Raman scattering (SERS) and the design of SERS sensing technologies have 
progressed to more advanced levels; however, limitations in the comparability and 
reliability of competing technologies have hindered its use.
120
  The following section will 
elaborate further on the challenges facing the field of SERS sensor design as well as 
possible solutions and opportunities for addressing these issues. 
 
1.4.1 Substrate design 
The most noticeable progress in the field of SERS has been developments in substrate 
design and the understanding of what components are necessary to provide the greatest 
degree of enhancement.  From the early stages where roughed silver electrodes were the 
substrates of choice,
194
 to the later use of silver and gold colloids,
196,197
 to the application 
of metal films combined with metal nanostructures,
198,199
 to simple, paper-based 
substrates,
161
 and eventually to three-dimensional designs and well-controlled 
nanostructure hot spots,
64,67,68
 the field has developed drastically with time.  This can, in 
part, be attributed to developments in characterization tools such as high resolution 
scanning and transmission electron microscopies and atomic force microscopy, which 
have allowed for researchers to better understand the actual nanoscale characteristics of 
SERs substrates that are responsible for improved enhancement.
200
  Figure 1.14 shows an 
SEM micrograph of a roughened silver electrode that was originally used for SERS 
detection.
201




uniformity in the surface features as these were critical drawbacks for such a sensing 
platform and are areas of improvement in modern SERS sensors. 
 
 
The high degree of variety of SERS substrates coupled with limited understanding of the 
underlying physical phenomena that occur at excite plasmonic hot spots lead to several 
recent issues with the field that have been described by the discoverer of SERS, R. P. 
Van Duyne, and coworkers in a recent article.
120
  In such a rapidly growing field of SERS 
sensor design, critical characterization steps are often overlooked due to their complexity 
and this leads to the inability to compare different sensing platforms based on their 
sensitivity and reliability, large scale uniformity, and plasmonic tunability. 








However, recently the limits of plasmonic enhancement effects as they relate to metal 
films separated by well-controlled distances from spherical metal nanoparticles have been 
explored in detail by Ciracì et al. and a schematic of their substrate design is shown in 
Figure 1.15.
199
  By using extremely well-defined spacer layers composed of layer-by-
layer polyelectrolyte films for larger separation distances (greater than 3 nm) and self-
assembled monolayers of alkanethiols for smaller separation distances, they were able to 
show localized enhancement factors for such systems.  These empirical results were then 
confirmed with simulations of the plasmonics fields of the nanospheres over the same 
distances and essentially defined and characterized the upper limit of enhancement for 
two-dimensional SERS substrates utilizing such nanostructures. 
 
 
Figure 1.15  Geometry of the film-coupled nanoparticle system. (left) Schematic 







Another well-developed and well-controlled two-dimensional substrate is that of 
immobilized nanorod assemblies fabricated on microsphere assemblies.
200,202
  These 
substrates rely on the well-known approach of microsphere assembly on two-dimensional 
substrates followed by the deposition of silver nanorods using thermal vapor deposition 
(Figure 1.16).  This allows for large-area enhancement uniformity across the entire SERS 
substrate, which is typically very difficult to achieve with a high enhancement factor.  
The plasmonic behavior of the assembled nanorods and overall substrate can easily be 
tuned by changing the size of the microspheres used as the sensor foundation.  The 
uniformity and reproducibility of the substrate give this technique an advantage over 
traditional two-dimensional nanostructure assembly.  However, it should be mentioned 
that although high enhancement factors (EF ~ 10
7
) are achieve with a high level of 
Figure 1.16  Immobilized nanorod assemblies (INRA) SERS substrates.  (top) 
DDA simulations of the electromagnetic enhancement of INRA substrate with 







uniformity, these values can be further improved by transitioning to three-dimensional 
substrates as described in Chapters 4 and 5. 
 
1.4.2 Nanostructure hot spot design 
Although the overall substrate design is critical for sensing capabilities, advancement in 
the understanding of electromagnetic field enhancement as a result of the coupled 
plasmonics between aggregated metal nanostructures has given researchers the ability to 
manipulate the nanoscale assembly of individual nanoparticles in order to tailor the 
plasmonic behavior of the SERS substrates.
120,203
  The design and control of 
electromagnetic SERS hot spots is most often carried out by the precise control of metal 
nanostructure aggregates as the enhanced region of the aggregate is dependent on the 
nanostructure size, shape, composition, and most importantly, the distance between 
individual nanostructures.
57
  This assembly has been achieved through a variety of both 
top-down and bottom-up approaches including, but not limited to, lithographic 
techniques,
204,205







assembly.   
 
Top-down nano-patterning techniques like electron beam lithography (EBL) are one 
group of methods that address issues associated with the intentional formation of well-
defined SERS hot spots and their characterization using multiple techniques through 
strict control (<5 nm resolution) of the nanostructure parameters that affect plasmonic 
coupling and SERS enhancement.
210,211  
The EBL approach involves the exposure of a 
polymer resist to an electron beam in specific regions according to a computer design.  
The regions of polymer exposed to the electron beam are either degraded by breakage of 
their main chains into smaller pieces (positive resist) or strengthened through cross-
linking (negative resist).
210











  Improved adhesion of the nanostructures to the 
surface allows insulating surfaces like glass to be used as the substrate,
210,214
 making 
more robust designs.  Several studies have examined the relationship between structural 





 and the transition of nanotriangle-nanohole 
arrays.
217
  Occasionally, EBL substrates have been explored for SERS enhancement as 
well; however, only array-averaged signals have been analyzed.
218,219  
These studies often 
do not involve the necessary type of well-defined nanostructures or only examine 
properties from a bulk perspective and without functionalization.   
 
With recent advances in the understanding surface functionalization and the 
characterization tools required for monitoring features on the nanoscale, molecularly-
mediated assembly of nanostructures in solution has also become an area of intense 
research for the design of SERS hot spots.
57
  Not only can the surface chemistry of 
nanostructures determine their binding length from each other and their aggregated state, 
but functional surfaces can provide an additional tethering mechanism for trapping the 
analyte of interest in a SERS sensor.
203,220
   
 
One method for nanostructure assembly that has gained a great deal of attention recently 
is the utilization of DNA as either an electrolytic or hybridization mechanism for 
controlled nanostructure aggregates.
72,221,222
  One of the first examples of such a SERS 
sensor was developed in the Mirkin group, where gold nanoparticles functionalized with 
common Raman dyes as well as gold surfaces were both functionalized with 
oligonucleotides that could specifically bind to a target in solution.
223
  When binding 
occurred, the nanostructures coated with Raman dyes were brought into close contact 




Figure 1.17  Schematic illustrating the single-molecule DNA binding of gold 
nanoparticle dimers followed by silver reduction to form a core-shell system with 




the Raman dye.  A more recent example is the use of oligonucleotide-functionalized gold 
nanoparticles to detect DNA in solution with well-controlled gap distance and subsequent 
signal amplification.
224
  This was done by including a secondary step in which the gold 
nanostructure acted as a core nuclei while a silver shell was grown in solution following 
DNA binding, thus decreasing the nanogap distance (Figure 1.17).  This amplification 
step allowed for the detection of a single molecule of the DNA target with a common 
Raman dye. 
 
Researchers have also recently developed particle surface modification techniques that 
allow the isolation of controlled aggregates contained a defined number of nanostructures 
in order to create well-defined plasmonic properties and therefore consistent SERS hot 
spots.
57,200,206




encapsulation of gold nanoparticle dimers and trimers with silica shells after the 
entrapment of Raman reporter molecules.
225
  This type of nanoantenna SERS structure 
was found to have remarkably limited diversity in enhancement factors as a result of 




Figure 1.18  TEM images (A−C) showing various core-satellite assemblies based 
on the ratio of particles.  (F) Extinction spectra of satellites, cores and 
core−satellite clusters with varying satellite/core ratio. Inset shows the 
progressively increasing red shift of LSPR wavelength of the core−satellite 
clusters with increase in satellite/core ratio. (G) Plot depicting the linear increase 
of LSPR wavelength red shift with respect to the LSPR wavelength of the cores as 






Another example of controlled assembly is the formation of “planet-satellite” type 
structures which can provide increased enhancement and defined light interaction.
227,228
  
Figure 1.18 shows examples of the planet-satellite type configurations that can be 
achieved to create a high density of well-defined hot spots.  These aggregates are formed 
using electrostatic interactions of the oppositely-charged gold nanostructures that 
compose the core and satellites.  When mixed at the proper pH, these particles form 
clusters that provide the hot spot formation necessary for high SERS enhancement. 
 
These examples of current SERS sensing and substrate design technologies demonstrate 
the many novel approaches to creating sensitive detection platforms.  However, there are 
still critical issues that are overlooked and will be addressed in this study.  Most 
particularly, these include the transition to a three-dimensional sensing platform in order 
to maximize light interaction and signal amplification, developing design principles that 
can be used to enhance SERS signals, moving from labeled approaches to label-free 
sensing for real-world SERS detection, and applying the ever-growing field of SERS 
sensing to biological detection with highly sensitive and selectively functionalized 
nanostructure hot spots.  Specifically, current substrate designs have many limitations 
including random nanostructures, solution-based sensing, low nanoparticle density in 
two-dimensional substrates, simple chemistry with limited selectivity, and mostly 
spherical nanostructures with single resonances.  The issues and possible solutions will 
be discussed in more detail in the motivation section. 
 
1.5 Motivation 
As the field of nanotechnology advances, so does the demand to utilize the unique and 
extraordinary properties of materials synthesized on the nanoscale.  One such application 




environmental, and biomedical detection systems.  The development of SERS-based 
sensing devices involves the culmination of several critical guidelines in order to ensure 
proper function including (1) the identification of localized surface plasmon modes in the 
nanostructured substrate, (2) verification of the enhancement properties of the substrate 
using a non-resonant analyte to remove any chemical enhancement contribution, and (3) 
rigorous characterization of the nanostructured properties of the substrate using advanced 
characterization techniques (TEM, SEM, AFM) and correlate these properties with 
theoretical calculations and SERS measurements.
120
  Although there are several examples 
described in the previous section that meet this criteria, there are several critical gaps in 
the study of SERS substrates that prevent these unique sensing platforms from 
transitioning to well-understood, reliable, and sensitive real-world sensing devices.   
 
The first critical gap in the development of SERS substrates is the in-depth and detailed 
understand of the fundamental principles and properties of three-dimensional substrates 
and how they can be tailored to maximize enhancement.  It has been shown in recent 
studies, related to two-dimensional substrates, that a well-controlled separation distance 
between two plasmonic structures (whether it be two nanoparticles or a nanoparticle and 
a surface) provides the absolute enhancement limit for SERS detection and has even 
resulted in single molecule detection.
20,199  
However, for the real-world application of 
SERS substrates, consistent and quantifiable detection at this same trace level is required.  
For this reason, we suggest that three-dimensional substrate design is the pathway 
towards high sensitivity.  Transitioning to the third dimension adds significant 
complications to fully understanding how to maximize enhancement such as multiple 
reflections leading to multiple light/hot spot interactions, depth of excitation source 
penetration, directionality of the incident beam in relation to the nanostructure aggregate 
orientation, and possible reusability of the substrate.  Developing a deeper understanding 




enhancement in three-dimensional SERS substrates will be an essential element of this 
study. 
 
Large-scale uniformity and consistency over an entire substrate is an important factor that 
is often an issue with recent substrate designs.
202
  The control of highly-localized 
aggregates is often the focus of current studies, but for in-the-field application, the level 
of enhancement and consistent signal needed over a large scale and between different 
substrates far exceeds that provided from single aggregate studies.  Through the 
integration of advanced patterning techniques and substrate surface modification to 
induce intentionally positioned aggregation, novel substrate designs can be fabricated to 
address issues of substrate-to-substrate and intra-substrate signal consistency. 
 
A largely overlooked advantage in the SERS community is the ability of this powerful 
technique to directly detect specific chemical functionalities and identify even similar 
molecules using their spectral fingerprint.  This attribute of SERS sensing devices is often 
ignored and simplified by using labeled approaches that rely on a secondary reaction and 
the subsequent secondary detection of a Raman marker possessing strong chemical 
enhancement.  This method for SERS detection is the most common in literature because 
it does not require an extremely high degree of electromagnetic enhancement because 
there is a significant contribution from the resonant Raman marker.  In order to overcome 
this challenge, three-dimensional SERS substrates should be designed with exceedingly 
high enhancement factors that can provide enough signal amplification to achieve the 
same level of detection for both resonant and non-resonant molecules. 
 
The practicality and simplicity of SERS sensor designs has been an area of progress in 
order to make this a realistic technique for in-the-field detection.  For this reason, 




nanostructures with commonly used sampling materials as well as amplification 
techniques to solve these issues.  Paper-based swab substrates coated with gold nanorods 
have been shown to be able to detection down to hundreds of picograms hazardous 
explosive molecules through a simple wiping method of sample collection.
161
  Another 
example of a paper-based substrate is one that utilized functionalized-gold nanorods on a 
paper substrate with a specific design and gradient that allows for preconcentration of the 
target analyte while drying.
229
  This allows for the detection of a small concentration of 
analyte in solution by using a surface-charge gradient in the paper substrate to 
concentrate the entire amount of the target in an isolated location.  The porous alumina 
substrates discussed in this study also allow for analyte preconcentration with 
exceptionally high enhancement. 
 
In order to make SERS a viable method for biological detection, it is critical that the 
issues specific to biological systems be addressed including the specificity required to 
detect single analytes in complex fluids, monitor biomolecules in the state in which they 
would exist physiologically, create high throughput flow sensors for integration into 
existing equipment, and to design the hot spots so that they are biocompatible and can 
accommodate bulky biomolecules.  Recent advances in the field of biochemistry have 
allowed for the development of tailored short chain biomolecules that are highly selective 







 as they are all small enough to not 
interfere with the SERS detection of the target molecule, but can still bind the target with 
a high degree of selectivity.  This method for biorecognition and detection will be further 
developed in this study for the trace SERS detection of biomolecules in order advance the 






RESEARCH GOALS, OBJECTIVES, AND DISSERTATION OVERVIEW 
2.1 Goals 
The ultimate goal of this research is the understanding of fundamental principles that will 
lead to the most efficient design of potentially multiplexing, label-free, facile, 
ultrasensitive biological SERS-based sensors for important classes of biomolecules at 
physiologically relevant conditions and trace (nanomolar) concentrations.  This far-
reaching goal will be advanced in this research through the study of the selective binding 
characteristics of targeted biomolecules such as stress-related biomarkers and important 
biomarkers for other physiological processes with selective binding sites formed by 
aptamers, protein and electrostatic interactions, and short peptides.  These selective 
binding sites will be specifically located within intentionally designed hot spots created 
by the surface plasmon resonance properties of metallic nanostructures interacting with 
light.  A further understanding of the electromagnetic and chemical enhancement 
mechanisms related to such detection techniques will be explored using more advanced 
3D porous substrates with greatly improved SERS enhancement. 
 
We suggest that the enhanced specificity provided by aptamers and short peptides as 
selective binding agents combined and compared with traditional chemical 
functionalization methods, will eventually allow for the design of multiplexing sensors 
for the trace detection of bioanalytes in complex fluids.  Through the implementation of 
selective ligands as references as well as aptamers and short peptides, substrates will be 
designed to specifically bind each bioanalyte at SERS active hot spots providing ultra-
sensitive detection.  Label-free, trace, and multiplexing detection of bioanalytes using 




methods which require complicated and time-consuming labeling and processing 
procedures.   
 
2.2 Objectives 
In this comprehensive study, the two tasks will be accomplished through the following 
specific technical objectives.  Details regarding the two specific tasks to be addressed are 




 Synthesize metal nanostructures with sizes, shapes, and compositions suited for an 
enhanced SERS effect in a controlled aggregated state within cylindrical nanopores; 
experimental efforts will be guided by finite element modeling of electromagnetic 
field distribution in nanostructure junctions. 





 Develop a fundamental understand of SERS phenomena including electromagnetic 
and chemical enhancement mechanisms occurring with 3D SERS substrates through 
testing small organic species and common Raman markers. 
 Chemically modify the inner walls of nanopores with functionalized, self-assembled, 
and polyelectrolyte monolayers designed to tether and encapsulate nanostructures 
and their aggregates. 
 Study the effects of pore dimensions and nanostructure location (depth in the pore) on 
the overall SERS enhancement. 
 Determine optimal binding orientations and how this affects the Raman spectra of the 
target analyte and how to tailor binding of specific targets.  
 
Task 2: 
 Selection of important and relevant biomarkers, including stress-related small 
molecules as well as immunoglobulins and neuropeptides that are critical in many 
physiological processes. 
 Synthesis of metal nanostructures of different sizes, shapes, and compositions as well 
as their functionalization with biorecognition elements such as aptamers or short 
peptides that will impart specificity and selectivity for the biomolecule target. 
 Assembly of functionalized metal nanostructures into well-designed and uniform 
structures such as dimer aggregates or micropatterned arrays in order to provide 
repeatable and highly sensitive Raman hot spots. 
 Design and test biological SERS sensor arrays to verify target specificity, binding 
affinity, and limit of detection for label-fee, trace biosensing. 
 Establish key scientific principles for the future design of a robust platform for the 






A deeper understanding of the underlying principles that drastically affect the 
enhancement mechanism of surface-enhanced Raman scattering is of particular 
importance as the complexity and capability of sensors designs progresses.  The 
transition of the field of Raman spectroscopy from simple carbon materials and chemical 
Figure 2.2  Schematic illustrating the motivation, goals, and specific areas of interest 




analytes to larger more complex biomolecules elucidates more obstacles for sensor 
design, but also allows for advancements in label-free and sensitive detection in the 
traditional arena of biological diagnostics.  The two tasks described in this study focus on 
the critical enhancement phenomena in new three-dimensional substrate designs and also 
provide new, highly specific and sensitive, and functional biological SERS sensor 
designs utilizing advanced biorecognition elements for important classes of biomolecules. 
 
The significance of this study is that, first, we will show that there are critical design 
criteria for highly sensitive three-dimensional SERS substrates that can be probed and 
verified using conventional spectroscopic techniques and the substrate behavior can be 
predicted using electromagnetic modeling methods.  Through the unique application of 
both well-developed and novel surface modification techniques as well as complex 
nanostructure fabrication methods, sensors can be developed that possess extremely high 
enhancement, recyclability, functionally target-specific binding sites, varied 
environmental exposure options, and high-throughput flowing capabilities.   
 
Second, we will demonstrate that the principles learned from the detailed analysis of 
electromagnetic and chemical enhancement mechanisms can be applied to the developing 
field of SERS sensors for biological detection.  This includes the selection of biomarkers 
for detection, the specific functionalization of nanostructure surfaces with targeted 
biorecognition elements, the assembly of nanostructures so to create well-designed and 
uniform hot spots for target binding, as well as the characterization and eventual Raman 
detection of the targeted analytes.  This study will provide unique insight into new 
techniques for targeted label-free detection as well as significant information regarding 





2.3 Organization and composition of dissertation 
Chapter 1 is a critical review of issues and state of the art research related to current 
biological detection methods and proper SERS substrate design, prospective sensor 
design solutions and approaches for biological detection along with the challenges 
limiting their use.  This chapter also includes a detailed review of metallic nanostructures 
(composed of silver and gold) as well as biomarkers that are important for the detection 
and monitoring of stress-related and other physiological processes as well as state of the 
art biorecognition elements that can be used for their specific detection which are all 
components of the motivation for the sensors designed in this study.  Also discussed are 
the critical issues with current SERS substrate designs and the motivation for the research 
described in this work. 
 
Chapter 2 is a concise description of the goals and technical objectives of the work 
presented in this dissertation.  Furthermore, it provides a brief overview of the 
organization of the dissertation, with brief descriptions of the contents of each chapter.  
 
Chapter 3 discusses the experimental techniques materials that played a critical role in 
the studies presented in this dissertation.  It includes materials synthesis and 
functionalization of metal nanostructures, three dimensional porous substrate fabrication, 
and microscopic and spectroscopic characterization techniques.  The various techniques 
that were used for the synthesis of both gold and silver nanostructures of different shapes 
and sizes, as well as the synthesis procedures for making highly ordered porous alumina 
membranes with different pore sizes are discussed.  Also included are the detail 
procedures for the biofunctionalization and surface modification of metal nanostructures 
to allow for tailored surface chemistries.  Characterization techniques include atomic 




Raman spectroscopy for analyte detection, UV-Vis-NIR spectroscopy and optical and 
fluorescent microscopy for measuring and imaging optical properties of nanostructures 
and substrates, scanning and transmission electron microscopies for imaging 
nanostructures and different substrates, zeta-potential and quartz crystal microbalance for 
monitoring surface functionalization of nanostructures and binding of biomolecules, and 
x-ray photoelectron spectroscopy to understand chemical compositions.  In several 
subsequent chapters the experimental techniques are supplemented with specific 
protocols used for the particular studies presented. 
 
Chapter 4 relates to the detailed study of the electromagnetic enhancement SERS effects 
within a silver nanostructure decorated porous alumina substrate.  We demonstrate a 
comprehensive approach which includes the combination of light absorption, 
transmittance, and silver nanoparticle placement and can be utilized to dramatically 
maximize the 3D SERS enhancement of cylindrical nanopores.  We demonstrate that this 
SERS substrate design has a record enhancement factor close to 10
10
, which is very 
uniform (± 25%) across the membrane surface, and can be achieved through increasing 
the light transmittance by tuning nanopore diameters (up to 355 nm) and having 
predominant sub-surface nanoparticle placement within first 10-14 µm of the pore depth.  
This was determined by measuring and comparing the enhancement performance of 
substrates with different pore diameters and relating these measured observations to 
modeled enhancement predictions.  The improved SERS activity is attributed to the 
enhanced transmission of light that facilitates the excitation of hot spots at greater depths 
within the substrate.  These substrates were demonstrated to be able to detect a record 
vapor phase limit of 3 ppb n-methyl-4-nitroaniline, a common binder and stabilizing 





Chapter 5 reports on PAMs with assembled metal nanostructures that are shown to be 
efficient three-dimensional substrates for SERS-based applications.  In this study, we 
demonstrate our approach to dramatically improve the efficiency of PAM-based SERS 
substrates by tuning light absorption, transmittance and deposition of silver nanoparticles 
on cylindrical nanopores.  SERS substrates with high SERS activity is achieved by 
increasing light transmission through the SERS substrates by varying the pore diameter 
(from 100 to 355 nm) and predominant deposition of silver nanoparticles  in the first few 
microns (10-12 µm) of the membrane pores.  SERS substrates with larger pore diameters 
exhibited higher SERS response compared to membranes with smaller pore diameters.  





 with high uniformity (±25 %) for the common, non-resonant 
benchmark Raman analyte (benzenethiol) and non-resonant small molecule (perchloric 
acid), respectively. Electromagnetic and density functional theory simulation provided 
insight into the SERS phenomena that occurred in 3D PAM-based SERS substrates.  The 
electromagnetic simulation suggests that the interaction of excitation light with the 
nanoparticles along the pore walls can be modified by tuning the pore sizes and high 
Raman enhancement can be achieved with membranes of ~400 nm pore diameters.  
Quantum chemical simulation of perchloric acid bound to nanostructured silver surfaces 
of different sizes and binding sites provided information regarding the orientation of 
molecules on the silver nanostructures and chemical enhancement mechanism towards 
SERS. Experimental results coupled with electromagnetic simulation studies enabled us 
to explain the observed high SERS activity which is attributed to the improved 
transmission of light (above 50%) and its interaction with nanoparticles facilitated by the 
substrates with large pore diameters. 
 
In Chapter 6, we demonstrate a nanoengineered substrate composed of micropatterned 




utilized surface-enhanced Raman scattering (SERS) to monitor the known bioanalytes, 
protein A and human immunoglobulin G (IgG).  The SERS substrate was composed of a 
poly(alylamine hydrochloride) (PAH)/poly(styrene sulfonate) (PSS) layer-by-layer (LbL) 
nanocoating micropatterned with silver nanoparticles confined to microscopic stripes.  
Selective adsorption of biomacromolecules is facilitated by the amine-terminated LbL 
nanocoating, which prevents the surface adsorption of positively-charged protein A 
across the surface except on the patterned regions containing negatively-charged silver 
nanoparticles.  Furthermore, adsorption of IgG on predetermined regions is facilitated by 
the selective binding of the Fc region of IgG to protein A.  This label-free SERS 
approach provides accurate, selective, and fast detection of protein A and IgG solutions 
with a nanomolar concentration, down to below 1 nM for IgG in solution.  This method 
could also be utilized for the facile detection of proteins in field conditions as well as in 
clinical, forensic, industrial, and environmental laboratories. 
 
In Chapter 7, we report on the assembly of gold nanoframe dimers assisted by aptamer-
functionalized smaller spherical gold nanoparticles as prospective SERS biotraps for 
riboflavin, an important molecule for biological electron transfer reactions.  In this 
approach, the aptamer-coated gold nanoparticles designed for selective binding of 
riboflavin also serve as the electrostatic driver for nanoframe dimerization in dilute 
solutions.  The gold nanoframe dimers provide a unique condition for plasmonic coupling 
in a hot spot with sufficient space for the binding of bulky biomolecules.  The use of an 
aptamer allows for highly selective binding of the targeted analyte as compared to 
conventional organic ligands with an excellent low detection limit of one micromol of 
riboflavin. 
 
Finally, Chapter 8 provides general conclusions for the overall work in the dissertation 






The following chapter is intended to provide a brief description and experimental details 
for the techniques and instruments used throughout this work. 
 
3.1 Synthesis and fabrication 
The bulk of this research relies on the accurate and homogeneous synthesis of gold and 
silver nanostructures as well as the substrates that they are deposited on.  For this reason, 
a detailed description of the experimental procedures used in our lab as well as our 
collaborators for the synthesis of nanostructures, nanostructure surface functionalization 
techniques, and porous alumina membrane synthesis. 
 
3.1.1 Spherical silver nanoparticle synthesis 
Silver nanoparticles were synthesized by the photoreduction of AgNO3 in the presence of 
sodium citrate by irradiation with ultraviolet light at room temperature producing 
monodisperse 33 ± 5 nm silver nanoparticles.
230
  42.5 mg of AgNO3 and 73.5 mg of 
sodium citrate were dissolved in 250 mL of Nanopure water (18 MΩ cm) and an 
ultraviolet lamp (λ = 365 nm) was used as the light source for the reduction process with 
an exposure time of 8 hours.  The silver nanoparticles were then centrifuged at 6,000 
RPM for 10 minutes to remove excess reactant from the nanoparticle solution and 








3.1.2 Silver nanocube synthesis 
The silver nanocubes were prepared as follows: 35 mL of ethylene glycol (EG) is heated 
to 150 °C for 1 hour with constant stirring.  The temperature and stirring were held 
constant during the synthesis procedure.  10 mL of EG containing 0.25 g of polyvinyl 
pyrrolidone (PVP) (molecular weight of ∼55 000 g) was then added, followed by the 
addition of 0.4 mL of sodium sulfide (3 mM) dissolved in EG.  3 mL of silver nitrate 
solution in EG (282 mM) was injected into the reaction mixture to prepare nanocube 
templates with edge lengths of 50 nm.
231,232
  The reaction was complete after 10 minutes 
and a nontransparent solution was formed.  The silver nanocubes were washed by 
dilution with deionized (DI) water (Purelab ultra ELGA) and acetone, followed by 
centrifugation at 10,000 RPM for 5 minutes.  The resulting precipitate was then dispersed 
in water. 
 
3.1.3 Spherical gold nanoparticle synthesis 
Spherical gold nanoparticles were synthesized using the seeded growth approach as has 
been previously reported.
109
  Small gold seeds (<5 nm) were made in a 20 mL aqueous 
solution of 2.5 x 10
-4 
M trisodium citrate and 2.5 x 10
-4 
M HAuCl4 with the addition of 
0.6 mL of ice-cold, freshly prepared 0.1 M NaBH4.  The solution was allowed to react for 
2 hours before use as the seed solution for subsequent particle formation.  A 200 mL 
aqueous solution of 2.5 x 10
-4 
M HAuCl4 and 0.08 M cetyltrimethylammonium bromide 
(CTAB) was prepared as a stock growth solution.  Two flasks were labeled A and B and 
used for step-wise particle growth.  In vial A, 9 mL of growth solution was mixed with 
0.05 mL of 0.1 M ascorbic acid then 1 mL of seed solution was added with stirring and 
allowed to react for 30 minutes.  In vial B, 9 mL of growth solution was mixed with 




allowed to react for 30 minutes.  This procedure resulted in spherical gold nanoparticles 
with diameters of 15 ± 2 nm.   
 
3.1.4 Gold nanoframe synthesis 
A galvanic replacement technique was used to synthesize gold nanoframes from silver 
nanocube silver nanocube templates.
233
  The silver nanocube solution was then used to 
prepare gold nanoframes.  The purified nanocube solution was heated with stirring until it 
began to boil.  A 10 mg/L hydrogen tetrachloroaurate solution was then injected into the 
boiling solution slowly until the absorption spectrum of the solution shifted to 
approximately 960 nm which corresponds to gold nanoframes with about 50 nm edge 
lengths with rounding.
 234,232
  The gold nanoframes were cleaned by centrifugation at 
10,000 RPM for 5 minutes followed by dispersion in water. 
 
3.1.5 Gold nanocube synthesis 
Gold nanocubes were synthesized using an adapted seeded growth procedure that has 
been detailed previously.
235
  A 10 mL seed solution was made containing 2.5 x 10
-4
 M 
HAuCl4 and 0.1 M cetyltrimethylammonium chloride (CTAC).  To this solution, 0.45 mL 
of an ice cold 0.02 M NaBH4 was added and the resulting solution immediately turned 
brown and was allowed to age for 30 minutes.  The seeds were shown to be 3-5 nm in 
diameter before use in subsequent synthesis steps. 
 
Growth solutions were prepared in two vials labeled A and B.  Each growth solution had 
a total volume of 10 mL and contained 0.1 M CTAC, 250 µL of 0.01 M HAuCl4, and 
10 µL of 0.01 M NaBr.  Finally, 90 µL of 0.04 M ascorbic acid was added.  Upon the 
addition of the ascorbic acid, each solution transitioned from gold to clear indicating the 




seconds later, 25 µL of vial A was added to vial B and allowed to react for 30 minutes.  
The reaction was stopped and the particles were washed by centrifugation at 10,000 RPM 
for 10 minutes.   
 
3.1.6 Synthesis of porous alumina membranes 
A detailed discussion on the fabrication of porous alumina membranes (PAMs) has been 
reported in the literature.
118,236
  Synthesis of the PAMs with different pore diameters 
(100, 255, and 355 nm) was conducted by using oxalic acid and phosphoric acid as the 
electrolytes to achieve different pore diameters.  In a typical synthetic procedure, prior to 
anodization, high purity aluminum (99.999%) sheets were degreased with acetone and 
electropolished in a 4:1 solution of 62% perchloric acid and ethanol at 7
o
C.  The 
electropolished aluminum sheets were then subjected to the first anodization for 8 hours 
in appropriate electrolytes at an appropriate anodization voltage.  The porous layer 
formed during the first anodization was selectively removed in a mixed solution of 
chromium oxide and phosphoric acid at 70
o
C for approximately 1 hour.  The second 
anodization was performed in a similar manner as the first anodization step for 4-
10 hours. 
 
Porous membranes with pore diameters of ~40 nm were synthesized in a 0.3 M oxalic 
acid solution at 15
o
C and an applied voltage of 40V.  PAMs with ~100 nm pore size was 
achieved by widening or controlling the resulting membrane using a 5 wt% phosphoric 
acid solution for 25 min at 35
o
C.  The phosphoric acid treatment also results in pore 
opening of the bottom side to create through pores in the membranes.  Synthesis of PAMs 
with pore diameters of 255 nm was carried out by following two-step anodization process 
in different electrolytes.  The first anodization was done in 0.3M oxalic acid at 14
o
C for 8 




120 V and 1
o
C.  PAMs with 355 nm pore diameter was synthesized in phosphoric acid 
electrolyte at 160 V and 4
o
C.  A solution of CuCl2 (2g) in a water-hydrochloric acid 
mixture (50:50 v/v) was used to dissolve the residual aluminum to obtain free-standing 
membranes.  Subsequently, the bottom side of the PAM was opened by chemical etching 
using 0.1 M aqueous NaOH.  The pores of the membrane were filled with polystyrene to 
prevent uncontrolled pore widening during the etching process. The bottom sides of the 
PAMs are opened to facilitate faster diffusion of analytes through the membranes. 
 
3.1.7 Electroless deposition of silver nanoparticles 
Silver nanoparticles were immobilized on the pore walls of PAMs of varying pore size in 
accordance with the literature reported earlier
67
 by immersing the PAMs in an aqueous 
solution of SnCl2 (0.02 M) and HCl (0.01 M) for 2 minutes depositing Sn
II
 on the pore 
walls.  The PAMs were rinsed in nanopure water and subsequently in acetone and dried.  
Then the PAMs were immersed in a 0.02 M aqueous solution of AgNO3 for 2 minutes to 
deposit Ag nanoparticles on the pore walls followed by a second washing step.  The 
deposition of silver nanoparticle seeds was carried out three times to provide a high 
degree of particle coverage on the pore walls.  The PAMs were then immersed in 1 ml of 
10 mM AgNO3 and 0.5 ml of 100 mM ascorbic acid in order to grow silver nanoparticles 
from the deposited seed.  The PAMs were removed from the solution and rinsed with 
nanopure water after different times after 28 minutes to achieve optimal nanoparticle size 
and density. 
 
3.1.8 Biorecognition element functionalization of nanostructures 
In order to functionalize metal nanostructures with aptamers, peptides, and other short 
biological ligands, a standard procedure was adopted from literature.
237
  The number of 




estimated from literature values.
238
  The key to the nanostructure functionalization is the 
thiol-metal interaction of the ligand and nanostructure.  Initially, the dithiol terminal end 
of the aptamer was activated by mixing 9 µL of 1 mM aptamer solution, 1 µL of 500 mM 
acetate buffer (pH 5.2), and 1.5 µL of 10 mM of tris-(2-carboxyethyl)phosphine 
hydrochloride (TCEP) and incubating the solution at room temperature for 1 hour 
followed by washing.  This process cleaved the stable dithiol terminal group of the 
aptamer and created a thiol functional group for binding to metal nanoparticles.  Next, the 
aptamer solution was added to 3 mL of nanoparticle solution and allowed to react for 
20 minutes.  The pH and salt concentration of the solution was change by adding 5 equal 
aliquots of 100 mM phostphate buffer (pH 7.4) and 2 M sodium chloride every 20 
minutes with stirring while adding in order to prevent nanoparticle aggregation.  The 
solution was then allowed to react in the dark overnight for at least 16 hours.   
 
The reaction solution was then centrifuged at 15,000 RPM for 10 minutes and 
resuspended in half the volume of 10 mM phosphate buffer (pH 7.4).  This process 
functionalized the surface of the nanoparticles with a high density of aptamers, but in 
order to provide enough room for aptamer activity, the surface was thinned with a 
separate procedure.  A 4 µM solution of 6-mercaptohexanol (MCH) was prepared and 
28 µL of this solution was added for every 1 mL of nanoparticle solution and allowed to 
react for 30 minutes.  The remaining MCH was removed by added an equal volume of 
ethyl acetate and vigorously mixing.  After the solution phase separated, the MCH-
containing ethyl acetate layer was removed and the nanoparticle-containing buffer 
remainder was left.  This process was repeated three times and then the nanoparticle 







3.2 Characterization techniques 
This research is highly dependent on the application of a wide range of characterization 
techniques for the comprehensive study of physical and chemical properties of different 
materials.  A variety of techniques were used to determine detailed information about the 
structure and composition of the structures synthesized and used in this work.  The 
accurate characterization of the nanostructures, substrates, and target analytes is an 
extremely critical part of this research and therefore the techniques used to do this will be 
discussed in detail with an emphasis on particular methods that are important for the 
work described. 
 
3.2.1 Atomic Force Microscopy (AFM) 
Tapping mode was commonly used for surface characterization and done using the 
Dimension 3000, Multimode, and Icon AFMs (Bruker AXS, Santa Barbara).  This 
technique relies on a micro-fabricated tip that deflects a focused laser when interacting 
with the sample surface.  This deflection is detected by optical methods onto a 
photodiode position sensor that can translate both normal and lateral deflection signal.  
The result is a three-dimensional map of the sample surface with nanometer resolution 
allowing for quantitative analysis of the surface roughness.
239
  Tapping mode AFM 
allows for the high resolution imaging of soft polymeric and biological samples without 
damage to tip or sample since contact with the surface is minimized.  This is achieved by 
using specially designed probes that oscillate above the surface at their resonant 
frequencies of 100-500 kHz.
240,241
  It was particularly critical to use the extremely 
sensitive and accurate vertical resolution and phase resolution of tapping mode to 
determine the binding density and characteristics of proteins and other biological 
molecules on the surfaces of metal nanostructures.  AFM characterization of the various 




measurement of particle height as well as changes in particle height as a result of various 
surface modifications. 
 
3.2.2 Confocal Raman Microscopy and Spectroscopy 
Raman microscopy was used to understand and detect different analytes of interest by 
accurately assigning specific vibrational bands to chemical functionalities.
242
  Confocal 
Raman microscopy was also used to study the plasmonic enhancement behavior of novel 
3D surface-enhanced Raman scattering (SERS) substrates and monitor signal changes 
and uniformity through the depth of the substrate and over large areas using 2D surface 
mapping.  Raman microscopy relies on vibrational spectroscopy which can provide 
chemical composition, structure of the material by monitoring the frequency shifts 
between excitation laser and scattered light.  It has the potential to be one of the most 
important tools for characterizing and sensing biological, environmental, and chemical 
targets, primarily due to its non-destructive approach, presence of sharp bands, and high 
intensity of these characteristic bands.  A WiTec (Alpha 300 R) confocal Raman 
microscope equipped with a Nd:Yag laser (514 nm) is employed for spectroscopic 
analysis of the various sensing substrates as well as bulk analyte reference spectra.  The 
Raman microscope provides a lateral resolution of ~250 nm and vertical resolution of 
1µm.
243
  Confocal Raman images were acquired line by line with an Avalanche 
photodiode detector (APD) in the single photon counting mode by fast imaging with a 
50x objective lens.   
 
3.2.3 UV-Visible-NIR Spectroscopy 
UV-Visible-NIR spectroscopy is an incredibly powerful tool for the characterization of 
plasmonic nanostructures in both the solution and dry state.  This technique allows for the 




depends highly on the size, shape, and composition of the metallic nanostructures.  
Understanding the plasmonic peak location is critical for proper SERS measurements as 
the maximum enhancement occurs when the excitation wavelength source is in resonance 
with the plasmonic peak of the active nanostructures.  For standard solution state UV-Vis 
measurements performed in this study, a Shimadzu UV-2450 spectrophotometer was 
used and spectra were recorded in 1.5 semi-micro plastic cuvettes (PlastiBrand, 
Germany).  When longer wavelengths were needed, UV-Vis-NIR spectra of different 
nanostructures as well as the mixed aggregates in solution were recorded in 1.5 mL semi-
micro quartz cuvettes using a Cary 5E UV-Vis-NIR spectrophotometer (Varian).  
Solution state aggregation of the nanostructures must often be measured with a longer 
wavelength instrument due to the highly red-shifted extinction behavior of coupled 
plasmonic bands.  In order to study the coupled plasmonic behavior of aggregated 
nanostructures on 2D surfaces including micropatterned substrates, a Craic QDI 202 
microscope spectrophotometer attached to Leica DM 4000M microscope with a 50x 
objective. 
 
3.2.4 Optical and Fluorescence Microscopy 
General optical and fluorescence microscopy were performed to analyze surface 
distribution of nanostructure aggregates, micropatterned samples, and protein binding 
distributions.  Both techniques were performed using a Leica DM 4000M 
optical/fluorescent microscope and images were collected using a Leica DFC 480 
camera.  For fluorescent microscopy, a mercury lamp source was used with fluorescent 







3.2.5 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy was used to characterize several aspects of the SERS 
substrates and nanostructures such as nanostructure shape and size, porous alumina 
membrane pore size and uniformity, nanostructure density and aggregation state on 
substrates, and energy dispersive x-ray spectroscopy (EDS) can be used to determine 
chemical composition of the substrates and nanostructures.  For general observation of 
the samples, a lower resolution Hitachi-3400 SEM was used with operating voltages of 5-
10 keV.  For high resolution imaging, a Zeiss Ultra60 SEM was used at an operating 
voltage of 5-10 keV.  For samples that were not conductive such as porous alumina 
membranes, polymer-coated surfaces, or aptamer- or peptide-coated nanoparticles, a 5-
10 nm layer of gold was sputtered using a Denton Vacuum Desk IV sputter coater 
operated at a current of 20 mamps and a pressure of 50 mTorr in an Argon environment. 
 
3.2.6 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy is an extremely powerful technique that was used in 
this study to determine nanostructure shape, size, aggregated state, and compositional 
properties.  The extremely high resolution provided by TEM allows for the determination 
of particle spacing, aggregation state, degree of cube edge rounding, and polymer shell 
thickness that no other technique can provide.  For particle shape, size, and aggregated 
state, a Jeol 100CX TEM operated at 100kV was used.  For high resolution imaging as 
well as crystallographic and diffraction studies of nanoparticles, an FEI Tecnai F30 TEM 
operated at 300 kV was used.  This instrument was able to provide atomic resolution for 
determining which crystal faces of the silver and gold lattices were present at the surface 
of the nanostructures.  Samples were prepared by dropcasting from dilute solutions onto 




samples were allowed to dry for at least 24 hours in order to ensure there would be no 
contamination of the TEM chamber or burning of the sample from the electron beam. 
 
3.2.7 Zeta-potential and Dynamic Light Scattering (DLS) 
Zeta-potential was used to determine the surface charge of the nanostructures used in this 
work.  The surface charge is a critical property of the nanostructures that can determine 
both the interaction with other nanoparticles or surfaces, but also can be used as a metric 
for determining if proper nanostructure surface functionalization has been achieved when 
exchanging polyelectrolyte, surfactant, or aptamer and peptide ligands.  Zeta-potential 
measurements were made at neutral pH, at 25°C, and with the Smoluchowski model 
using a Malvern Nano S Zetasizer with Malvern polystyrene disposable Zeta-potential 
cuvettes.  The same instrument was also used for dynamic light scattering measurements 
of the nanostructures using disposable polystyrene 1.5 mL microcuvettes (PlastiBrand, 
Germany) and measurements were made with the 173° backscatter detector.  These 
measurements provided the hydrodynamic diameter of the nanostructures and allowed for 
an estimation of the binding state of the surface ligand in solution (fully extended or 
collapsed) as well an estimation of the aggregated state of mixed particle solutions. 
 
3.2.8 X-ray Photoelectron Spectroscopy (XPS) 
Thermo k-alpha XPS was used to understand the composition of 3D SERS substrates and 
the total number of silver nanoparticles bound to the substrate by monitoring the total 
amount of silver present.  XPS is an analytical technique that directs a monochromatic 
beam of X-rays on a sample and detects the characteristic electrons that are ejected.  The 
energies and number of electrons are used to determine the elements present, their 
abundance and chemical bonding state.  This technique is highly surface sensitive and the 




of the total surface composition and heavier elements down to ~0.1% with an accuracy of 








SERS EFFECTS IN SILVER-DECORATED CYLINDRICAL NANOPORES 
4.1 Introduction 
Surface-enhanced Raman scattering (SERS) has shown great potential for monitoring 
internal chemical composition, inner stresses, and trace detection of hazardous molecules 
that are otherwise difficult to detect by other experimental 
techniques.
150,151,152,153,154,155,156,157
  SERS has become an area of intense research as a 
highly sensitive probe for the trace level detection of small organic molecules since the 
demonstration of single molecule detection.
20,22,147,148,149
  For cutting-edge practical 
applications of SERS-active substrates, the sensitivity of planar metal structures remains 




Three-dimensional SERS substrates have been recently introduced which show great 
potential for increasing the level of enhancement for practical SERS detection due to the 
unique properties they provide in comparison to traditional planar substrates.
169,245
 By 
extending the SERS substrates into the third dimension, a much greater surface area for 
particle coverage compared with traditional substrates is realized.
246,247
  Several 3D SERS 
substrates suggested are photonic crystal fibers
248
 porous membranes with cylindrical 
nanopores,
249
 and periodic nanohole arrays.
250
  Their high enhancement allows for the 
ultrasensitive detection of “stealthy”, non-resonant molecules.
68  
Although the distribution 
of nanoparticles on templates via directed assembly is not as homogeneous as that 




fabrication techniques, the overall SERS signal is very consistent, within 10% from 




with extremely high cost: many thousands of dollars for EBL nanostructures versus a few 
dollars for assembled nanoparticles as well as the relatively low surface area of 
microfabricated structures due to third-dimension expansion issues in all lithographic 
techniques.
246 
 In fact, even if enhancement factors for microfabricated substrates are 





Therefore, microfabricated lithographical substrates, which are important for fundamental 
studies, are not promising for practical applications with their current characteristics 
being a tremendous unresolved roadblock for further utilization. 
 
Porous alumina membranes (PAMs) with long cylindrical nanopores decorated with 
metal nanoparticles are among the potential candidates for 3D SERS substrates with 
extremely high enhancement owing to their optical transparency in addition to their large 
specific surface area extended to a third dimension.
60,68
  Moreover, open cylindrical pores 
facilitate the mass transport of analytes (gases and fluids) which is important for practical 
analysis.  In addition, the incident beam can be directed deeper into the substrate through 
the waveguiding properties of nanopores (50-400 nm in diameter) facilitating added 
Raman signal enhancement.
182,183
  Several PAM-based SERS substrates have already 
been studied and their high efficiency has been reported, but general design principles 
have not been established.
60,68,254,255,256,257 
 It has only been suggested that the 
transmission of incident light through holey substrates and proper placement of metal 
nanoparticles inside the pores play a vital role in achieving the highest efficiency, which 
is critical for ultrasensitive bio- and chemical detection.
 
 
Therefore, in this study we focus on the role of light transmission and its interaction with 
metal nanoparticles within cylindrical nanopores of different diameters and suggest 
general guidelines for the design of nanoporous substrates with the highest SERS 




different pore sizes decorated with in situ grown silver nanoparticles bound to the pore 
walls. We observed that SERS substrates with 355 nm pore diameters facilitate enhanced 
light transmission as well as nanoparticle aggregation that results in greatly improved 
SERS activity with an enhancement factor above 10
10
, which is dramatically higher than 
that for traditional 2D substrates.  Electromagnetic simulation of silver nanoparticle 
dimer clusters placed at different pore depths confirmed the experimentally observed 
pore diameter dependence.  Simulation studies coupled with experimental results 
suggested that nanopore diameters of around 400 nm, the incorporation of nanoparticle 
dimers within the first 10 µm beneath the surface, and keeping light transmittance above 
50% are all critical for the optimization of SERS substrates showing high enhancement 
factors exceeding 10
10 
for the selected benchmark Raman marker, benzenethiol (BT).  
The observed record enhancement factor is four orders of magnitude better than that 




4.2 Experimental details 
Information regarding the fabrication of porous alumina membranes with different pore 
sizes, synthesis of and deposition of different metal nanostructures, and characterization 
through UV-Vis spectroscopy, AFM, SEM and Raman spectroscopy can be found in 
Chapter 3. 
 
The simulation studies were carried out by our collaborators (R. J. C. Brown et al.) using 
the following experimental details.  The simulations were designed by considering silver 
nanoparticles of 40 nm diameters in aluminum oxide pores with 10 nm walls, parameters 
close to our experimental parameters.  In all cases nanoparticle dimers have been 
considered as these will dominate the maximum response seen for such a system.  Dimers 




Various pore widths have also been considered.  The polarization of the incoming 
radiation (at 514 nm) was in the incident plane to ensure excitation of the surface 
plasmons.  Widely- published optical data for silver and aluminum oxide were used to 
input properties into the modelling.
261 
 The incident electromagnetic field in the complex-
field representation can be written as: 
 
)kexp(E),(E 0 tiit rr    (1) 
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where ),r(E t  and ),r(H t and the electric and magnetic field components, respectively, at 




 are the electric and magnetic field amplitudes, 
respectively, k  is the wavevector, and  is the angular frequency of the wave.  In the 
absence of nonlinear optical effects and when only the elastic scattering process is 
considered, the electromagnetic fields surrounding the scatterers must be self-consistent, 
leading to the conditions: 
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where the subscripts in and sc  denote the incident and scattered waves respectively. 
The electromagnetic waves must satisfy Maxwell’s equations within the modeling 
domain, and adhere to the boundary equations at the interface between the media and the 
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where the  and  are the complex valued permittivity and permeability and r  is on the 
boundary of the scatterer, and n  is a unit vector orthogonal to the boundary.  The field 
distribution must be a solution of these equations.   
 
Finite element methods (FEM) using Comsol Multiphysics software
262 
have been 
employed to provide numerical solutions to these equations for each substrate with 
common practices used for FEM studies of the field enhancement and spectral response 




  The FEM methodology requires 
the creation of a ‘radiation boundary condition’ or ‘absorption boundary condition’ to 
truncate the modeling scenario into a confined domain.  The ‘perfect matched layer’ 
(PML) boundaries method
265 
has been used for this simulation.  This matches the optical 
index at the interface of the media and attenuates the wave quickly within the artificial 
layer so that little or no electromagnetic radiation will be reflected back into the domain 
of scattering.  Additionally, a low-reflection boundary condition is applied at the outer 
PML boundary in order to minimize residual reflection.  In this way the possibility of 
artifacts occurring in the modeling output is minimized. 
 
The output of the modeling process is a two-dimensional map of the electric field 
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 are the absolute values of the local vector potentials (normalized to the 
intensities of the incident and scattered light) in the presence, and absence, respectively, 
of the substrate.  When the polarization of the scattered light is the same as that of the 
incident light, the expected electromagnetic enhancement of the Raman signal may be 



















 is the total predicted electric field at position r , and )(inc
E
 is the electric 
field associated with the incoming electromagnetic radiation.  The interpretation of this 
quantity for the work here is given as the average value for ),r(
G
obtained in a 5 nm
2
 
area in the region containing the maximum enhancement observed in the model.  
Validation of the modeling procedure was carried out against published data,
268
 in 
particular, Garcia-Vidal’s implementation of Maxwell’s equations on adaptive meshes for 
the study of the interaction of light with metals surfaces
267
 and with Xu et al.’s study of 
colloid particle shape and size on the electromagnetic enhancement factor using classic 
electromagnetic theory.
24 
 In these cases the methodology used here produced comparable 
enhancement factors to those predicted by Garcia-Vidal for structured metal surfaces for 
incident wavelengths of light between 310 and 620 nm.  The modeling used here also 




spherical particle substrates with separations of 1 nm and 5 nm to within an order of 
magnitude.  This level of agreement with published data from two quite different studies 
confirms the applicability and flexibility of the modeling methodology used here for 
predicting Raman enhancement factors.  Taking this data into consideration, the 
uncertainty in the predicted Raman enhancement data, within and between modeling 
scenarios, is approximately one order of magnitude. 
 
4.3 Results and discussion 
4.3.1 Substrate fabrication and optical properties 
In order to systematically study the effect of pore diameter on the SERS activity, we have 
synthesized PAMs with different pore diameters ranging from 100 to 355 nm following a 
two-step anodization process
118,236
 (see Chapter 3 for more details).  In this study we have 
used an in situ ‘electroless-deposition’ growth method
67
 to obtain a uniform distribution 
of silver nanoparticles on the pore walls as shown in Figure 4.1.  This technique provides 
a uniform deposition of highly dense and aggregated silver nanoparticles throughout the 
depth of the substrate and without the requirement of an organic capping agent using a 
direct reduction method. 
Figure 4.1  In situ electroless deposition of silver nanoparticle seeds and overgrowth of 







Indeed, high resolution SEM images of the fractured substrates with pore diameters of 
355 nm show a distribution of immobilized silver nanoparticles on the inner walls (Figure 
4.2a).  Particles with smaller sizes that can be seen on the pore walls are initial silver 
seeds with a diameter of around 5 nm pre-deposited for the growth of silver 
nanoparticles.  It was demonstrated earlier that PAMs decorated with silver seeds did not 
show significant SERS activity.
67
  The size of grown silver nanoparticles and their 
aggregates estimated from the atomic force microscopy (AFM) and SEM images are 30 ± 
10 nm (Figure 4.2b).  Although for smaller pore diameters predominantly individual 
nanoparticles are observed, PAMs with larger pore diameters facilitate the aggregation of 
Figure 4.2  (a) SEM image and (b) AFM image of silver nanoparticles grown in porous 
alumina membranes with 355 nm pore diameters.  (c) UV-vis absorption and (d) 





silver nanoparticles on the pore walls with predominantly dimers (about 60 nm) formed 
in additional to individual nanoparticles. 
 
The optical absorption centered at 486-530 nm for the nanoparticle-decorated PAM 
substrates is caused by the surface plasmon resonances (SPR) of silver nanoparticles 
(Figure 4.2c).
67
  The maximum absorption occurred at a longer wavelength as compared 
to SPR for a single nanoparticle (420 nm for silver nanoparticles of 30 nm diameter in 
solution)
269
 suggesting the formation of silver nanoparticle aggregates, which was indeed 
confirmed by SEM images (Figure 4.2a).  The UV-vis absorption spectra of the SERS 
substrates of varying pore size overlap with the excitation wavelength of the incident 
light thus providing efficient conditions for 514 nm excitation.
36
  On the other hand, the 
transmission of light through the SERS substrates is the highest in the near-IR range and 
remains high in the visible region (Figure 4.2d).  SERS substrates with 355 nm pore 
diameters show the highest transmission in the visible region, around 50% at the 
excitation wavelength of 514 nm.  The reflectance spectra of the neat PAMs show almost 
similar reflectivity, irrespective of the pore diameters and thus no calibration was done in 
the Raman measurements. 
 
4.3.2 Confocal Raman mapping and spectral analysis 
The SERS activity of the substrates was tested using BT as a common benchmark Raman 
marker.
178
  The SERS activity of the substrates is found to increase dramatically as the 
pore diameter increases from 100 to 355 nm as evidenced by the rise in relative intensity 
of the characteristic peaks of the BT molecules as will be discussed below.  To 
understand the enhancement pattern, we elucidated the 3D distribution of SERS activity 
of cylindrical pores by conducting complete Raman mapping in both the (x,y)-plane and 









of benzenethiol for 





 M benzenethiol through the depth of the porous alumina membranes with 
different pore diameters (pore dimension is shown on the corresponding z-profile).  (c) 





intensity of the 1571 cm
-1
 peak (caused by symmetric C-C stretching of BT molecule) 
through the depth of the nanopores.  The (x,y) distribution of the SERS signal for 10 µm 
x 10 µm surface collected for pore diameters of 355 nm is presented in Figure 5.3a.  As 
apparent from the 2D Raman map, uniform SERS enhancement occurs over the entire 
region of the substrates with SERS intensity varying from pore-to-pore within ± 25 %. 
 
To further check macroscopic uniformity of the SERS substrates and different batches, 
reproducibility of SERS activity from different positions (at least 10 positions) of 
multiple substrates of the same pore diameter (355 nm) was measured for a laser footprint 
below 1 µm across.  The SERS intensity was found to be very reproducible at different 
locations within a substrate and from the different substrates (within ± 7%) which 
indicates high homogeneity of the SERS substrates despite the variation of local 
aggregated morphology and the presence of residual seeds.   
 
On the other hand, z-mapping of SERS activity of different nanopores shows that the 
largest SERS enhancement occurs within the first 10 µm of depth directly beneath the 
membrane surface region (Figure 4.3b).  The SERS intensity of BT gradually decreases 
as the depth of measurement increases for all pore diameters.  SERS spectra of BT 
obtained at approximately 5 µm depth from top surface of the PAM show consistent 
spectra with diminishing Raman band intensity (Figure 4.3c).   To confirm the presence 
of a BT surface layer in the SERS substrates, fractured SERS substrates (cross-sections) 
were analyzed using X-ray photoelectron spectroscopy (XPS).  Quantitative estimation of 
surface coverage was found to be impossible because of inhomogeneity of the fractured 
surface structure; however, signals corresponding to BT were detected from the fractured 
samples.  The XPS spectrum of the carbon (1s) and sulfur (2p) collected for SERS 
substrates with 355 nm pore diameter confirms the presence of BT layer inside pores.  




group carbon atoms and the minor peak at 288.6 eV is due to carbon connected to an 
electronegative sulfur atom.
270,271 
 The two peaks are assigned to the 2p3/2 and 2p1/2 spin-
orbit split levels with binding energies of 163.3 and 167.2 eV, respectively.
270,271
  An 
example of a typical XPS spectrum from these fracture PAMs with benzenethiol can be 
seen from a subsequent study in Figure 5.6. 
 
4.3.3 Pore size comparison and electromagnetic modeling  
The electromagnetic SERS enhancement through the cylindrical pores was further 
simulated by using silver nanoparticle dimers placed at various depths.  Silver 
nanoparticle dimers were selected to reflect the common geometry of aggregates inside 
pores and these dimers were placed in the pores with an orientation that provides 
maximum enhancement between nanoparticles (see “hot spot” in Figure 4.4a).  Dimers 
are selected because this is the predominant type of aggregate and dimers with other 
orientations and separations provide minor contributions.  The modeling we have 
performed is limited to two dimensions. Therefore we did not model larger aggregates 
than dimers because there is no way to arrange particles in two dimensions and create a 
larger enhancement that closely approaches that of two particles.  Even in three 
dimensions, it is difficult to arrange spherical particles so more than two touch in any one 
location.  To have three or more nanoparticles meeting at a single location requires non-
spherical particles.  The enhancement predicted here corresponds to the enhancement 




These simulations showed that the cylindrical pore acts to constrain the incident radiation 
in a manner such that the maximum enhancements can be realized at a certain pore 
diameter and at a certain depth (Figure 4.4b).  As the pore diameter increases, the electric 




400 nm pore diameter.  Moreover, a series of electromagnetic field peak intensities is 
observed along the main axis of the cylindrical pores with spacing close to λ/2.  It is also 
evident from Figure 4.3b that significant electromagnetic enhancement occurs for 
nanoparticles dimers placed continuously at several microns beneath the surface, which is 
in good agreement with the experimental z-mapping of the enhancement factor (Figure 
4.3b).  The Raman enhancement factor gradually increases with the accumulated addition 
of nanoparticle dimers along the pore depths (Figure 4.4c).  The simulated accumulated 
enhancement factor shows saturation at depths higher than 10 µm.  Consistent with 
simulations, experimental observation confirms that the membranes with 355 nm pore 
diameters show increasing SERS activity with saturation at depths of 10-14 µm (Figure 
4.4d).   
 
For the direct calculation of the experimental enhancement factor, we utilized a common 
approach which compares the intensities of major Raman bands for solutions with known 
concentrations with and without the SERS substrate.  This method assumes that all 
molecules in the solution migrate from the solution to the substrate in the course of 
solvent evaporation.  As is well understood, this method underestimates the actual 
enhancement because only a fraction of molecules from the solution actually end-up on 
silver nanoparticles with higher affinity to thiolated analytes and thus, the number 
reported here represents only the lower bound of true values which can be in fact many 
fold higher.  But even this lower bound value is significantly higher than that reported for 
ordered microfabricated lithographical SERS substrates with average values around 10
7
 
and the highest enhancement of 10
9
 reported for localized highly enhancement obtained 







General behavior for all pore diameters is similar, but 355 nm pores show the highest 
enhancement factor which is an order of magnitude higher than that obtained for 
substrates with 100 nm pore diameters.  As clear from the data, general trends observed 
in experiments and obtained in simulations are similar considering the limited z-
Figure 4.4  (a) Electric field distribution for silver nanoparticles of 40 nm diameter with 
a separation of 1.5 nm placed in an alumina membrane with pore diameter of 100 nm.  
The nanoparticles were excited by sending 514 nm light from the top of the pore with a 
polarization parallel to the long axis of the dimer.  (b) Simulated field intensity for a 
silver nanoparticle dimer as a function of pore diameter and pore depth.  (c) Variation 
of simulated Raman enhancement factor for membranes with different pore diameters 
(100, 250, and 350 nm) and particles located along the pore wall.  (d) Raman 
enhancement factor extracted from the experimental z-mapping and its variation with 




resolution of the Raman mapping of about 1 µm.  However, the experimental 
enhancement factor is more than two orders of magnitude higher than that calculated in 
simulation from electromagnetic field distribution.  This increase can be attributed to the 
additional contribution from chemical enhancement (which can reach 10
3
) for 





4.3.4 Vapor phase detection using silver nanocubes  
Three-dimensional porous alumina substrates also showed potential as a vapor phase 
detection platform.  For this application, four substrates were compared using different 
fabrication mechanisms included vacuum infiltration of silver nanocubes (AgNCs) after 
different PAM surface treatments (Figure 4.5a) and electroless deposition of silver 
nanospheres (AgNSs) (Figure 4.1).  Analysis of the SEM images of the PAH, PEI, and 
(PAH-PSS)-coated substrates in Figure 4.5b, c, and d (respectively) shows a dense 
distribution of AgNCs over several microns depth from the top surface of the PAM.  
Figure 4e is an SEM image of the PAM-AgNS fabricated by the electroless deposition 
method, showing a uniform deposition of quasi-spherical nanoparticles over the entire 
PAM.
69,277
  The high adsorption of particle density of AgNC on the pore walls is due to 
the strong electrostatic attraction between the positively-charged polyelectrolyte layer 
and the negatively-charged PVP-coated AgNCs.  The majority of AgNCs in the PAH and 
PEI substrates are assembled in many-particle densely-packed aggregates, which leads to 




Figure 4.5  (a) Schematic of the AgNC infiltration method showing the porous alumina 
membrane coated with a positively charged polyelectrolyte (PAH and the PAH-PSS 
bilayers) that is subsequently decorated with silver nanocubes by infiltration.  SEM 
images of the cross section of the infiltrated substrates (b) PAM-AgNC (PAH), (c) 
PAM-AgNC (PEI), and (d) PAM-AgNC (PAH-PSS).  (e) SEM image of the cross 





closely adjacent nanocubes.  The AgNC-(PAH-PSS) substrate on the average 
demonstrates single and smaller AgNC aggregates that are more dispersed than the PAH 
and PEI substrates.  This difference in adsorption behavior is likely due to the PAH and 
PEI substrates not having as uniform a polymer layer over the pore surface area after the 
oxygen plasma etching process, while the (PAH-PSS) substrate has multiple bilayers that 
are electrostatically bound which are more resistant to oxygen plasma etching.   
 
The presence of aggregates in the (PAH-PSS) substrate can be explained by shielding of 
the repulsive electrostatic interaction between PVP-capped AgNC by the highly positive 
terminating cationic polymer layer (PAH) on the PAM pore walls which minimizes the 
repulsive electrostatic interaction between adjacent PVP-coated AgNCs,
278,279
 potentially 
allowing for AgNC to adsorb close to each other via Van der Waals interactions.  In 
addition, it is evident from Figure 4b, c, and d that the majority of the AgNC aggregates 
assemble with a face-to-face orientation which is due to Van der Waals attractions having 
a stronger influence over assembly orientation than steric hindrance between PVP chains 
of adjacent AgNCs, an expected result for particles stabilized with short-chain 
polymers.
70
   
 
The SERS substrates were exposed to six different n-methy-4-nitroaniline (MNA), an 
important binder and stabilizing agent in plastic explosives, vapor concentrations that 
were established using specific temperatures: 3 ppb (5 °C), 10 ppb (15 °C), 29 ppb (25 
°C), 99 ppb (35 °C), 297 ppb (45 °C) and 790 ppb (55 °C),
280
 a procedure similar to 
previous studies.
281
  The ppb vapor concentration of MNA was calculated using 
theoretical calculations of the MNA vapor pressure at different temperatures and by 
assuming ideal gas conditions (applicable given the low pressure and temperatures 







Variation of the Raman intensity of the 857 and 1157 cm
-1
 peaks with MNA vapor 
concentration is shown in Figure 4.6a and b.  This figure shows that the Raman intensity 
of the peaks increases with MNA concentration until they saturate at 300 ppb and 
100 ppb for the PAM-AgNC (PAH) and PAM-AgNC (PEI) substrates, respectively.  It is 
also shown that MNA vapor concentrations of approximately 3 ppb can easily be 
detected by the AgNC-(PAH) and (PEI) substrates by identifying either the 857 or 
1157 cm
-1
 peak, where a signal-to-noise ratio of at least 3 was used to identify peaks.  
This is a record level of detection for MNA in the vapor phase.  Neither the AgNS nor the 
AgNC-(PAH-PSS) substrate demonstrates saturation for the concentration range studied.  
Figure 4.6  Variation of the SERS intensity versus concentration between the PAM-
AgNC (PAH), PAM-AgNC (PAH-PSS), PAM-AgNC (PEI), and PAM-AgNS 
substrates for the (a) 857 cm
-1
 and (b) 1157 cm
-1
 peaks. (c) SERS responses of PAM-
AgNC during repeated MNA exposure-ethanol washing cycles (the sample was exposed 
to MNA vapor created at 45
o
C).  (d) The normalized SERS response of the 857 cm
-1
 
peak through multiple exposure-wash cycles (the dotted line is a visual aid, not a fit).  
The AgNC (PAH) and AgNS SERS response were normalized according to the 
intensity of the 857 cm
-1




This is likely due to the more dispersed adsorption pattern of the nanostructures which 
leads to a larger effective surface area.  Therefore, the AgNC (PAH) and (PEI) substrates 
are very effective for low ppb detection, but are unable to distinguish between higher 
vapor concentrations, while the AgNC-(PAH-PSS) and AgNS substrates demonstrate the 
ability to distinguish between higher ppb concentrations.  The ability to change the 
adsorption behavior of AgNC can therefore offer a means to tailor the substrate’s 
effective concentration response which is an important, but commonly overlooked, 
substrate parameter. 
 
The reusability of the substrates was also investigated by exposing the substrates to 
multiple MNA exposure-ethanol wash cycles.  The AgNC substrates were found to be 
robust against solvent washing and could be readily reloaded for repeated tests.  Figure 
4.6b and c show the SERS response of the substrate which was exposed to MNA at 45°C 
after repeated MNA exposure-ethanol washing cycles.  The SERS activity of the 
substrate was monitored by tracking the peak intensity of the 857 cm
-1 
peak (Figure 4.6b).  
The SERS activity remained consistent in the first four repeated measurement-washing 
cycles and was then found to decrease and finally stabilize in the subsequent cycles.  The 
reduction in intensity is likely due to the removal of lightly bound, physically adsorbed 
AgNCs during the washing steps.  This is further supported by the apparent leveling of 
the SERS intensity (at later washing steps), which likely occurs as the loose AgNCs are 
removed and the total number of AgNCs approaches a constant value.  A baseline 
intensity of < 2 % was observed after each washing step. 
 
Overall, the current study provides an example of a comprehensive approach that 
considers the transmission of light and the aggregation of nanoparticles confined in 
cylindrical pores toward designing highly optimized 3D SERS substrates with 




substrates or non-optimized porous substrates.  Also demonstrated is the ability of these 
substrates to have a tuned density of silver nanocubes and nanospheres for the record 






COMBINING THE THIRD DIMENSION WITH CHEMICAL ENHANCEMENT 
FOR TRACE CHEMICAL DETECTION WITH SERS 
5.1 Introduction 
For practical applications of SERS-active substrates, the sensitivity of planar metal 
structures remains modest due to the limited concentration of hot spots available within 
the laser-activated footprint.
60,64
  3D substrates show a great potential for increasing the 
level of enhancement for SERS detection due to the unique properties they provide.  By 
extending the sensing device into the third dimension, a much greater surface area for 
particle coverage compared with two-dimensional (2D) substrates is realized, which 
could provide opportunities for a greater degree of interaction between hot spots and the 
incident beam as well as more binding sites for probing molecules.  As a result, 3D 
substrates fabricated with different metallic nanostructures can be considered as efficient 
SERS substrates for the detection of trace amount of analyte molecules of interest.  
Efficient 3D SERS substrates have been fabricated using different methods such as 
deposition of silver nanostructure on gold supported polyaniline membranes.
247
  
Fabrication of periodic 3D metal nanostructures with nanoporosity via colloidal crystal 
templates
 
was demonstrated in another study
246
 and the resulting structure showed higher 
SERS activity compared to the 2D counterpart.  Recently Lee et al. have shown that 
variety of 3D nanoparticle structures deposited from charged aerosols exhibit enhanced 
SERS efficiency.
282
  Photonic crystal fibers
283
 and porous membranes possessing 
cylindrical nanopores decorated with different metallic nanostructures
249
 and periodic 
nanohole arrays
250






Porous alumina membranes (PAMs) formed by the anodization of aluminum, have been 
used in the fabrication of many functional materials for many years because of their 
unique nanostructures.
284
  The geometrical characteristics of the PAMs (pore diameters, 
pore spacings, and membrane thicknesses) can be controlled by employing different 
anodization conditions such as anodization voltage and the electrolytic solution used in 
the process.
119
  Porous alumina membranes are ideal host templates to understand the 
optical properties of metallic nanostructures because of their optical transparency over a 
wide range of wavelengths.
285
  PAMs decorated with metal nanoparticles are potential 
candidates for the fabrication of 3D SERS substrates owing to their optical transparency 
in addition to the large specific surface area of their 3D geometry.  The incident beam can 
be directed deeper into the substrate through the waveguiding properties of alumina
182,183
 
adding another element to increase the Raman signal enhancement.  It has been 
previously demonstrated that efficiency of a PAM-based SERS substrate decorated with 
gold nanoparticles in the label-free molecular level detection of plastic explosive 
materials such as dinitrotoluene and trinitrotoluene down to the ppt level.  The detection 





The high efficiency of the PAM-based SERS substrate was attributed to the large specific 
surface area of the porous alumina membrane coupled with the optical waveguiding 
effect of alumina pore wall.  In addition to the aforementioned effects, the transmission of 
the incident light through the PAM-based substrates was also found to play a vital role in 
achieving improved efficiency.
68
  In this context, we envisaged that the waveguiding 
effect of the alumina, propagation of light and transport of analytes through the 
membranes may be modified by tuning the pore diameter of the PAM.  
 
A general design 
principle has been demonstrated recently to improve the SERS activity of PAM-based 
SERS substrates with a common Raman marker benzenethiol.
277




that the transmission of incident light through the holey substrates and proper placement 
of metal nanoparticles inside the pores play vital roles in achieving the highest efficiency.  
Therefore, this study focuses on detailed investigation on the role of light transmission 
and its interaction with metal nanoparticles within cylindrical nanopores.  In addition to 
this, understanding of the chemical interaction between the analyte and nanoparticle, 
binding sites and molecular orientation on the nanoparticle surface are very important in 
achieving high SERS activity and interpretation of the SERS spectrum. 
  
We investigated the SERS efficiency of the substrates with different analytes such as 
benzenethiol (BT) and a non-resonant perchloric acid (PA). Based on the experimentation 
with PAMs of different pore sizes (100, 255, and 355 nm) decorated with in situ grown 
silver nanoparticles bound to the pore walls, we have found that SERS substrates with 
355 nm pore diameter facilitate enhanced light transmission, that result in improved 
SERS activity with very high enhancement factor, which is several orders of magnitude 
better than that reported for traditional 2D substrates.
258,259,260
  Electromagnetic 
simulation studies with silver nanoparticle dimer placed at different depth of alumina 
membranes using finite element methods (FEM) suggested that nanopore diameters of 
around 400 nm, incorporation of nanoparticles within first 10 µm beneath the surface of 
the PAM are critical for the optimization of PAM-based SERS substrates.  This helps us 
in the fundamental understanding of SERS phenomenon that occurs in 3D nanoporous 
structures and optimization of pore diameter to achieve high SERS activity.  Density 
functional theory (DFT) simulations of Raman spectra of PA on silver clusters of 
different sizes and geometries demonstrated the effect of chemical binding on Raman 
spectrum and lead us to get insight into the chemical enhancement mechanism towards 
SERS. In addition to this, the role of molecular orientation and adsorption site on SERS 
spectra provided a better understanding of the current experimental system.  Fabrication 




orientation improves the sensitivity of the current SERS substrates for the detection of 
hazardous chemicals and biomolecules.   
 
5.2 Experimental details 
A detailed discussion on the fabrication of porous alumina membrane (PAM) has been 
reported in the literature
118,236
 and has previously been described in great detail in 
Chapter 3.  Silver nanoparticles were then immobilized on the pore walls of PAMs 
following a two-step processe in accordance with the literature reported earlier
67
 and 
described in Chapter 3.  Since the electroless deposition method does not use any 
molecule or polymer as an adherent layer to bind the nanoparticles to the pore walls, the 
possibility of overlapping of the Raman bands of the binding layer and the analyte can be 
ruled out.  This makes the method superior to other conventional methods such as 
vacuum infiltration of nanostructures through the membrane.  PAMs with the silver 
nanoparticles were characterized using methods detailed in Chapter 3 including AFM, 
SEM, and high resolution TEM.  XPS was performed according to Chapter 3 in order to 
determine the quantitative amount of silver nanoparticles in the cross-sections of the 
different pore size membranes. 
 
Raman measurements were performed according to the typical procedure adapted in our 
laboratory (Chapter 3).
243
  PA from water and BT from ethanol were deposited on the 
SERS substrates and Raman spectra were collected.  Each spectrum was collected with 
10 seconds of exposure time, and at least two exposures were averaged to ensure accurate 
spectra were recorded.  Mapping images were acquired with a vertical resolution of about 
1µm with a 50x objective lens.  The UV-Vis absorption, transmission and reflectance 
spectra of the SERS substrates and neat PAMs were collected using a Craic QDI 202 





Simulation studies were carried out by considering silver nanoparticles of 40 nm 
diameters in aluminum oxide pores with 10 nm walls, parameters close to our 
experimental parameters.  In all cases nanoparticle dimers have been considered as these 
will dominate the maximum response seen for such a system.  Dimers have been 
modelled at various depths within the pores, and for two positions: (1) at approximately 
1nm from the pore wall and (2) in the center of the pore.  Various pore widths have also 
been considered.  The polarization of the incoming radiation (at 514 nm) was in the 
incident plane to ensure excitation of the surface plasmons, and orthogonal to the line 
joining the centres of the nanoparticles in the dimers.  Schematic diagram of the 
structures used for the simulation studies is shown in Figure 5.1.  Light was always 
parallel to the long axis of the dimer. 
 
DFT simulations were also completed for the Raman spectrum of perchloric acid with the 
initial silver cluster geometries taken from the Cambridge Cluster Database
286
 and 
optimized at the B3LYP/6-31+G(d) level using Gaussian 09.
287
  The different perchloric 
acid-silver cluster geometries (PA-Agn n= 2, 6, 10, 18 and 20) were re-optimized at the 
same level of theory and then the relaxed coordinates of the combined system are 
obtained and used in our study.  Tentative peak assignment was carried out by comparing 









5.3 Results and discussion 
5.3.1 SERS substrate fabrication 
Figure 5.2 shows SEM images of PAMs with different pore diameters under different 
experimental conditions.  The pore diameter variation of the membranes is between 7-
10 % and the ordered domains extend over several microns.  Immobilization or 
organization of metal nanostructures is very crucial in order to achieve intense Raman 
signal from the substrates which eventually makes the system more sensitive.  In this 
study we have used a simple in situ growth method called ‘electroless- deposition’
67,288
 to 
Figure 5.1  Schematic diagram of the geometries used for the simulation studies (a) 
dimers at the pore wall and (b) dimers at the center of the pore. The 'pore size' is the 
distance between the inner walls of the pore. In the situation where the dimer is close to 
the wall, the distance between the pore wall and the nanoparticle is 1 nm.  The distance 
between the nanoparticle is 1.5 nm.  The laser light with wavelength of 514 nm is 





obtain a uniform distribution of the silver nanoparticles on the pore walls of the PAMs.  
A detailed growth mechanism and time dependence of particle size and distribution were 
reported in a previous report from our group.
67 
 In the current study, the deposition of 
silver nanoparticles was carried out for 28 minutes because it was found that PAM-based 




Figure 5.2  SEM images of silver nanoparticles grown on the porous alumina 






High resolution SEM images of the cross-section of the SERS substrates show the 
distribution of immobilized silver nanoparticles on the inner walls of the membranes 
(Figure 5.2).  As is clear from the SEM images PAMs facilitate a fairly uniform in situ 
growth of silver nanoparticles with particle diameters of 30 ± 10 nm along the pore walls.  
Particles with smaller sizes observed on the pore walls are initial silver seeds with a 
diameter of around 5 nm pre-deposited for the growth of silver nanoparticles.  It was 
demonstrated earlier that PAMs decorated with silver seeds did not show significant 
SERS activity.
67 
 The size of grown silver nanoparticles and their aggregates estimated 
from the SEM image is 30 ± 10 nm.  Although for smaller pore diameters predominantly 
individual nanoparticles are observed, PAMs with larger pore diameter facilitate 
aggregation of silver nanoparticles on the pore walls with predominantly dimers (about 
60 nm) formed in additional to individual nanoparticles.  The distribution of 





fabrication techniques. However, fabrication of 
SERS substrates using the above techniques is limited due to relatively high cost of 
fabrication, time consuming and the low surface area of the metal structures.
246 
 Since 
utilization of the lithographic techniques to assemble particles inside the membranes is 
extremely difficult, the SERS substrates fabricated by wet chemical approach ‘electroless 
deposition’ which we used in this study provide highly reproducible and stable SERS 
substrates which is necessary for using SERS in routine and on-line studies.  Also, the 
electroless deposition method is inexpensive and fast compared to other fabrication 





The particle size was further confirmed from high resolution TEM images (Figure 5.3).  
Analysis of TEM images shows that presence of (111), (200), (220) and (311) 
crystallographic planes 
289
 of the face-centered cubic silver with  (111) planes exposed at 
the surface.  The interplanar distance corresponds to (111), (200), (220) and (311) is 
2.3 Å, 1.9 Å, 1.4 Å and 1.2 Å respectively with a standard deviation of 0.1 Å.  To 
characterize the nanostructured morphologies further, we conducted AFM imaging on a 
cross-section of the SERS substrate fabricated from a PAM with 355 nm pore diameters.  
The AFM image clearly shows the size and distribution of silver nanoparticles formed by 
in situ growth from the electroless-deposited seeds on the pore walls.  The presence of 
nanoparticles and nanoparticle aggregates are clearly seen along the pore walls. 
10 nm 
Figure 5.3  High resolution TEM image of electroless-deposited silver nanoparticles.  





5.3.2 Optical plasmonic properties of SERS substrates 
UV-vis absorption spectra and transmission spectra of the silver nanoparticle decorated 
PAMs with different pore diameters are shown in Figure 5.4.  The optical absorption 
centered at 486-530 nm due to the surface plasmon resonance (SPR) absorption of silver 
nanoparticles indicates the presence of silver nanoparticles immobilized in the PAMs 
(Figure 5.4a).  It has been shown that nanoparticle aggregation causes the SPR absorption 
to occur at longer wavelength due to dipole-dipole interactions between adjacent 
nanoparticles, resulting in the reduction of the plasmon frequency.
30
  The typical plasmon 
band of approximately 30 nm AgNPs in solution is located near 430 nm.
269
  A plasmon 
band that has been red-shifted for the same size of silver nanoparticles is indicative of 
coupled plasmonic behavior as the result of particle aggregation.  The SPR absorption 
occurred at the longer wavelength (486–530 nm) suggest the formation of silver 
nanoparticle aggregates inside the pore walls; which is confirmed with the SEM images 
of the cross-sections of the substrates. The UV-vis absorption spectra of the SERS 
substrates show considerable absorption between 486-530 nm that overlaps with the 
excitation wavelength of the incident light thus providing for efficient excitation.
36
  As a 
result, all the substrates are expected to show high SERS activity at an excitation 





Figure 5.4  (a) UV-vis absorption and (b) transmission spectra of SERS substrates 
fabricated from porous alumina membranes with different pore diameters. (c) Variation 
of absorption maxima and transmission at 514 nm of SERS substrates with pore 




The transmission of PAMs is relatively high in the near-IR range and decreases in the 
visible region because of scattering.
68
  Surface plasmon mediated enhanced light 
transmission was observed in periodic arrays of metallic nanoholes
290
 and ordered 
nanoporous-metal films.
291  
Transmission spectra obtained for PAM-based SERS 
substrates with different pore diameters are shown in Figure 5.4b.  The transmission of 
the SERS substrates decreases as the pore diameter decreases; SERS substrates with 355 
nm pore diameters show the highest transmission in the visible region compared with 
smaller pore diameters.  Variations of the transmission at 514 nm of the SERS substrates 
with different pore diameters are shown in Figure 5.4c.  SERS substrates with 355 nm 
pore diameters exhibit transmission of approximately 50% at 514 nm while the substrates 
with smaller pore diameters show lower transmission (15 and 10% for SERS substrates 
with 255 and 100 nm pore diameters respectively).  The transmissivity of the PAM-based 
substrates decreases at lower wavelengths due to the scattering and absorption of light by 
the substrate and the metal nanoparticles within.   
 
5.3.3 SERS activity of silver-decorated PAMs 
To evaluate the SERS activity of the PAM-based substrates, 10
-6
 M ethanolic solution of 
BT and 10
-3
 M aqueous solution of PA were deposited on each substrate.  An excitation 
light source with a wavelength of 514 nm was employed for Raman measurements 
because the SPR absorption of the SERS substrates decorated with silver nanoparticles 
nearly overlaps with the wavelength of the excitation laser.  Figure 5.5 shows the SERS 
spectra of BT and PA adsorbed on the substrates possessing different pore diameters.  
The SERS activity of the substrate exhibits a strong dependence on the pore diameter of 
the membranes.  The characteristic SERS bands of BT (1571 cm
-1
, due to phenyl ring 
stretching) and the PA (932 cm
-1
,due  to symmetric stretching mode of Cl-O bond) are 




pore diameter increases from 100 to 355 nm as evidenced by the increase in relative 
intensity of the characteristic peaks of the analyte molecules BT and PA adsorbed on the 
substrates (Figure 5.5).  Similar trend was observed for Rhodamine 6G deposited on each 
of the substrates.  We suggest that the higher SERS activity of the PAM-based substrates 
is associated with the waveguiding effect as well as transparent nature of porous alumina 
membranes.
 
The transmission spectra of the SERS substrates (Figure 5.4b.) indicates that 
light transmission is higher (50%) at 514 nm for the substrates with 355 nm pore 
diameters than that of the substrates with smaller pore diameters (100 and 255 nm).   
Figure 5.5  SERS spectra of (a) 10
-6
 M Benzenethiol, (b) 10
-3
 M Perchloric acid on each 





We suggest that higher SERS activity of the substrates with larger pore diameters is due 
to the enhanced light transmission through the membranes in addition to the enhancement 
caused by nanoparticle aggregation.  The enhanced transmission through the membranes 
could result in the excitation of many more nanoparticle hot spots within the substrate 
Figure 5.6  High-resolution XPS spectra of the (a) C (1s) and (b) S (2p) core levels from 
BT adsorbed on silver nanoparticles deposited on pore walls with 355 nm pore 
diameter.  Deconvolution of the experimental data using Gaussian peaks is also shown 




which in turn provides higher SERS activity.  The reflectance spectra of the neat PAMs 
show almost similar reflectivity for all the PAMs irrespective of the pore diameters and 
hence no calibration was done in the Raman measurements. 
 
To further confirm the presence of analyte molecules on the silver nanoparticles inside 
the membranes, fractured substrates (cross section) were subjected to XPS measurements.  
BT was deposited on the substrates prior to the measurements. Signals correspond to BT 
were observed form all the fractured substrates.  XPS spectrum of the carbon (1s) and 
sulfur (2p) collected for SERS substrates with 355 nm pore diameter confirms the 
presence of BT layer inside pores (Figure 5.6).  In Figure 5.6a the major photoemission 
occurs at 284.1 eV is attributed to indistinguishable phenyl group carbon atoms and the 
minor peak at 288.6 eV is due to carbon connected to an electronegative sulfur 
atom.
270,271 
 The two peaks observed in Figure 5.6b are assigned to the 2p3/2 and 2p1/2 
spin-orbit split levels with binding energies of 163.3 and 167.2 eV, respectively.
270,271
  
Although the presence of BT inside the membrane is confirmed, actual estimation of 
surface coverage was found to be impossible because of inhomogeneity of the fractured 
surface structure.   
 
Raman enhancement factor was estimated for PAM-based SERS substrates following 
usual procedures reported earlier.
68,292,293
  The enhancement factor has been calculated 
using the following equation:  
 
 
where ISERS and IREF are the measured Raman intensities and [SERS] and [REF] are the 




determining the enhancement factor, the SERS intensity of the characteristic peaks of 
each analytes (1571 and 932 cm
-1
 for BT and PA, respectively) and Raman intensity of 
the analytes of known concentration on silicon wafer was compared.  Raman intensity at 
different pore depths was extracted from the z-mapping experiments. The enhancement 
factor calculation was done by assuming that all molecules in the excitation volume 
which migrate from solution to substrates in the course of solvent evaporation will 
participate in SERS.  This method underestimates actual enhancement because only an 
unknown fraction of the molecules actually end-up on silver nanoparticles and hence 
number reported here represents only low-bound estimation.  The calculated 
enhancement factor value is higher than that reported for ordered micro-fabricated SERS 
substrates with the average values around 10
7
 and the highest localized enhancement of 
10
9




The enhancement factor obtained for BT is ~ 10
10
 with substrates of 355 nm pore 
diameters. The observed record enhancement factor is four orders of magnitude better 
than that commonly reported for 2D substrates of gold and silver nanostructures.
258,259,260  
The SERS activity with non-resonant and small PA is close to 10
6
 and is ~2 orders of 
magnitude better than compared to 2D silver substrates.
294
  It is important to note that in 
most of the perchlorate detection studies, the nanoparticle surface is functionalized with 
positively charged molecules to facilitate the adsorption of perchlorate ion on the 
nanoparticle surface.
295
 The higher enhancement observed for BT may be attributed to 
the higher surface coverage because of high affinity of BT to the nanoparticle surface.  
Also the SERS activity of the substrates with 355 nm is an order of magnitude higher 
than that of the substrates with smaller pore diameters (100 nm). 
 
To confirm the SERS intensity through the pores of the PAM-based substrates, we 




mapping was conducted by monitoring the intensity of the 1571 and 932 cm
-1
 peak of BT 
and PA through the depth of the porous alumina membranes.  Since the transmission of 
light is higher for SERS substrates with larger pore diameters, these substrates are 
expected to show higher SERS intensity for greater depths from the surface of the PAM.  
The largest SERS enhancement occurs within 5 and 8 µm regions near the surface of the 
PAM for the substrates with 100 and 255 nm pore diameters, respectively.  However, 
SERS substrates with 355 nm pore diameters show the highest SERS intensity over 10 
µm region from the surface of the PAMs.  The Raman intensity of the analytes gradually 
decreases as the depth of measurement increases from top surface of the substrate.  Based 
on the Raman mapping experiment in the z-direction, it may be concluded that PAM-
based SERS substrates with larger pore diameters facilitate enhanced light transmission 
through the channels.  As a result, the excitation of silver nanoparticles occurs at greater 
depths through the PAMs, which in turn improves the SERS activity of substrates with 
larger pore diameters.  In addition to this, the nanoparticle aggregates present on the pore 
walls may also help in achieving improved SERS efficiency.   
 
The homogeneity of the substrates in the lateral direction 10 µm x 10 µm (x, y) was 
investigated by mapping the characteristic Raman band of the analytes on the substrates.  
As apparent from the 2D Raman map, uniform SERS enhancement occurs over the entire 
region of the substrates with SERS intensity within ± 25 %.  The macroscopic uniformity 
of the SERS substrates was checked by collecting Raman intensity from three batches of 
samples fabricated from membranes with same pore diameters. SERS activity from 
different positions (at least 10 positions) of multiple substrates of the same pore diameter 
(355 nm) was measured for a laser footprint below 1 mm.  The SERS intensity was found 
to be very reproducible at different locations within a substrate as well as between the 




high homogeneity of the SERS substrates despite the variation of local aggregates and the 




Figure 5.7  Confocal SERS mapping of (a) 1571 cm
-1
 peak of BT and (b) 932 cm
-1
 peak 
of PA through the depth of the porous alumina membranes with different pore 
diameters. (Pore dimension is shown on the corresponding z-profile). The 3D images 




5.3.4 Electromagnetic and quantum chemical modeling of PAMs 
It has been well demonstrated that there are two mechanisms, electromagnetic (EM) and 
chemical enhancement (CM) that are responsible for large enhancement in SERS.  EM 
enhancement arises due to the resonance of incident laser and the SPR of metallic 
nanostructures assembled on the substrates.
296,297
  It is well accepted that EM contributes 




.  However, 
underlying mechanism of CM is not well understood yet and it arises due to the 
interaction of the analyte molecules on the metal surface.  In this study, we discuss both 
electromagnetic and quantum chemical simulations to understand the various factors that 
influence the SERS activity and propose a design strategy for the fabrication of PAM-
based SERS substrates with high SERS activity. 
 
5.3.4.1 Electromagnetic modeling of Raman enhancement in cylindrical pores 
To understand the pore size dependence on the SERS activity, we have simulated Raman 
enhancement using a silver nanoparticle dimer under different conditions.  Dimers are 
chosen for the modeling since they are the predominant aggregates observed on the pore 
walls. Higher nanoparticle aggregates are not considered in this study even though higher 
aggregates would give an equally large enhancement over a larger area, but will not 
actually increases the maximum enhancement observed.  Silver nanoparticles were 
placed in the pores with an orientation that provides maximum enhancement between 
nanoparticles.  Dimers with other orientations and separations are not discussed here 
since they provide minor contributions.  In all cases, enhancement predicted is at an 
approximately similar order of magnitude as the enhancement levels we expected to see 
from a silver dimer.
272,273
  This implies that the majority of the enhancement is coming 




However, the pore acts to constraint the incident radiation in a manner such that the 
maximum enhancements can be realized at certain widths.  
 
Figure 5.8  Representative Raman enhancement pattern simulated for silver 
nanoparticle dimers inside channels with different pore depths. (a) for the silver 





The simulated Raman enhancement as a function of pore depth for the dimers placed at 
the pore walls and the center of the pore for substrates with 355 nm pore diameter shown 
in Figure 5.8.  A series of electromagnetic field peak intensities is observed along the 
main axis of the cylindrical pores with spacing close to l/2.  It is also evident from Figure 
5.8 that significant electromagnetic enhancement occurs for nanoparticles dimers placed 
at several microns beneath the surface, which is in good agreement with the experimental 
z-mapping (Figure 5.7).  Enhancements observed are in general smaller for dimers 
located close to the pore wall, and show much less periodicity with depth in the pore.  In 
both cases it is thought that this is related to the damping effect of the conducting 
aluminum oxide walls on the incident light.  The periodicity related to interference of the 
wavelength of the incident light with the width of the pore is apparent throughout the 
modeling, although this is a lot less clear when the dimer is close to the pore wall.  This is 
due to the interfering effect of the alumina at the side of the pore. For the dimer placed at 
the center of the pore, the periodic variation associated with the wavelength of the light is 
initially much larger than any change as a result of depth with the pore.  However, 
between about 2 and 10 microns depth in the pore, the attenuation begins to dominate the 
size of the overall enhancement observed.  At 10 microns average enhancements are an 
order of magnitude less than those observed between 0.1 and 1 micron (Figure 5.8).  
 
The enhancement observed appear to increase with pore diameter (Figure 5.9).  The 
simulations suggest that the enhancement is at a maximum at 400-450 nm pore width 
before decreasing again as the pore gets wider.   Membrane with 400nm pore diameter is 
about optimum for the pore to act as an efficient waveguide for the incident light.  Any 
narrower than this and the light is unable get down effectively, and any wider than this 
and there might start to be some significant reflections and destructive interference of the 
light.  At very wide pore sizes the light does not actually see the side of the pore at all and 





To compare the experimental results and simulated Raman enhancement factor, we 
extracted Raman intensity from the z-mapping of the substrates with different pore 
diameters at various pore depths. The Raman enhancement factor from both experiments 
and simulations for different pore depths are plotted in Figure 5.9. The overall 
enhancement from each of the substrate was estimated by adding Raman enhancement at 
Figure 5.9  Variation of cumulative Raman enhancement factor extracted from 
electromagnetic simulation for different pore diameters with silver nanoparticle dimer 
placed (a) at pore wall, (b) at center of pore. Cumulative Raman enhancement factor 
obtained from experimental z- mapping for (c) BT and (d) PA with substrates of 




different depths (1µm interval) from the top surface of the substrates.   The Raman 
enhancement factor gradually increases with the increasing accumulation of nanoparticle 
dimers along the pore depths (Figure 5.9a and b).  The cumulative enhancement factor 
shows saturation at depth higher than 10 µm.  Consistent with simulations, experimental 
observations also follow the same trend with SERS substrates fabricated from 355 nm 
pore diameters show high SERS activity with saturation at depths of 10-12 µm (Figure 
5.9c and d). The general trend observed in experimental and simulations is similar 
considering the limited z-resolution of the Raman mapping of about 1 µm.  
 
5.3.4.2 DFT simulation of chemical enhancement 
Chemical enhancement (CM) is driven by the combined effect of three contributions 
namely the charge transfer (CT) mechanism,
42
 molecular resonance (RRS) mechanism
41
 
and the non-resonant chemical (CHEM) mechanism.
44
  The CT and RRS mechanism 
arise when incident radiation is in resonance with molecule to metal or metal to molecule 
electronic transition and molecular excitation respectively; they both contribute a major 
part towards the
 




The CHEM mechanism on the other 
hand occurs due to the bonding interaction between the molecule and the metal surface, 





  Even though the difference in nature of the above enhancement 
mechanisms has been well identified and characterized over the years, a separation of 





Simulations of SERS spectra and extraction of CM for BT have been studied extensively 
during the past few years.
276,298
 On the other hand not many studies focusing on the CM 
for PA have been published.  In this section we try to elucidate the combination of effects 
governing CM for PA concentrating on the electronic structure, bonding interactions and 
SERS spectra of PA on silver clusters of different size, denoted as PA-Agn (n=2, 10 and 
18), following the theoretical procedure described in previous section.  Figure 10 shows 
the optimized geometries of the molecule alone and combined system PA-Agn that were 
Figure 5.10  Computed structure for (a) PA and PA-Ag nanosurface with (b) 2 atoms, 




used throughout our simulations. We have found that PA is bound to the metal through 
the oxygen atom (Figure 5.10).  In terms of bonding geometry we observe that oxygen 
prefers to bond directly on a Ag atom than a hollow site with a total energy difference 
between on-site and hollow-site bonding of about 0.05 eV. 
 
 
Figure 5.11  Energy level diagram of the PA-Ag18 complex. λ1 = 1.12eV = 1180.3nm 
corresponds to a metal to molecule CT, λ2 = 7.02eV = 176.8nm corresponds to a 
molecule to metal CT, while λ3 = 6.37eV = 194.9nm shows the required incident 






The structures PA-Ag2 and PA-Ag10 represent the simplest configuration of PA bound to 
Ag.  The larger structure PA-Ag18 shows a more prominent metallic character as the 
energy difference between the highest occupied molecular orbital and the lowest 
unoccupied molecular orbital, i.e. the HOMO-LUMO gap, is found to be smaller (Table 
5.1).  The HOMO of the complex shows a strong metallic contribution while the LUMO 
is primarily localized on the adsorbate as shown on Figure 5.11.  The energy level 
diagram of Figure 5.11 gives an account of the possible chemical mechanisms for the 
PA-Ag18 complex.  A CT metal to molecule enhancement can only occur when there is a 
transition from the HOMO to the LUMO of the complex with an energy barrier of 
1.12eV corresponding to λ1=1180 nm which is the wavelength of the incident light 
required for such a transition.  In the same way a molecule to metal CT enhancement can 
occur when there is a transition from the highest occupied molecular orbital with major 
contribution on the adsorbate to the lowest unoccupied molecular orbital with major 
contribution on the metallic cluster.  We find that in this case the former orbital 












PA - - - 6.54 
Ag2-PA 10.464 0.277 -0.0112 1.93 
Ag10-PA 34.581 0.277 -0.0528 1.20 
Ag18-PA 44.526 0.266 -0.0609 1.12 
Table 5.1  Calculated electronic polarizability (in a.u) and O-Ag (nm) bond length for 




above LUMO, denoted as LUMO+1.  The energy barrier in this case is 7.02eV or 
λ2=177nm.  An enhancement relevant to resonant Raman scattering can occur during a 
transition from HOMO-74 to LUMO.  Both orbitals have a major contribution on the 
adsorbate, in fact they are the HOMO and LUMO of the isolated molecule shifted due to 
bonding with the metallic cluster.  The energy barrier for this transition is 6.37eV or 
λ3=195nm.  The incident laser pulse of λ=514.5 nm used in our SERS measurements is 
therefore insufficient to initiate either a metal to molecule, λ1, or molecule to metal, λ2, 
electronic transition as well as a molecular excitation, λ3, implying that contribution from 
either CT or RRS on the Raman enhancement should not be significant on the PA-Agn 
complex.  We hence consider only the CHEM mechanism from now on. 
 
Due to the bonding interaction between PA and metal as well as the subsequent 
relaxation of the electronic structure of the complex, there is a redistribution of charge 
and transfer occurring from PA to the silver cluster.  The amount of partial charge 
transferred along the O-Ag bond in each of the three complexes is tabulated in Table 5.1 
and was estimated via a natural population analysis. It is clear from Table 5.1 that the 
amount of charge transfer on the silver cluster is increasing with the size of the cluster 
which in turn is related to the increase of the induced static electronic polarizability 
calculated for the PA-Ag complexes (Table 5.1).  This reflects the degree of interaction 
between the organic/inorganic components in the complex as well as the ability of the 
system to be Raman excited; hence complexes of larger sizes are expected to show 
enhanced Raman intensity. 
 
Simulated Raman spectra of perchloric acid and PA-Agn complexes are shown in Figure 
5.12a. The Raman band at 932 cm
-1
 is due to symmetrical stretching of Cl-O bond as 
indicated by the displacement vectors of PA bonded to an 18-atom cluster (Figure 5.12b). 




and O atoms mainly responsible for the Raman peaks.  We notice from Figure 5.12a that 
the intensity of the characteristic Raman band of PA increases with cluster size. Analysis 
of O-Ag bond length in each of the clusters suggests that O-Ag bond length becomes 
Figure 5.12  (a) Computed SERS spectra of perchloric acid and perchloric acid-silver 






shorter as the cluster size increases (Table 5.1). Oxygen binds to metal clusters via a 
dative bond where the O lone pair is partly donated to the metal; therefore charge transfer 
along the bond is more pronounced, the dipole formation is stronger and the polarizability 
is higher at bigger clusters.  This has a prominent effect on the enhancement in Raman 
intensity.  Also it is interesting to note that the Raman band of isolated PA shifts to lower 
frequency (from 945 to 932 cm
-1
) when attached to silver clusters of increasing size.  This 
red shift in the frequency of the vibration is related to the decrease of the O-Ag bond as 
the cluster size increases (Table 5.1). This range of Raman peak position is in good 
agreement with the experimental SERS spectrum obtained with silver nanoparticles.  
 
To understand the effect of different binding sites on Raman spectra, we have simulated 
two extreme cases of different binding configurations of the tetrahedral Ag20 cluster, i.e. 
surface (S) vs vertex (V), bound to PA (Figure 5.13).  Several theoretical studies have 
shown that absorption properties of Ag20 are quite similar to the plasmon absorption of 
silver nanoparticles, thus Raman enhancement due to these clusters is comparable to that 
of large nanoparticles of diameter greater than 10 nm.
299,300
   
 
It has been shown that for pyridine (py), Ag20-py surface complex shows better 
agreement with experimental results.
301
 In our study, comparison of the experimental and 
simulated SERS spectra shows better agreement with the PA-Ag20 vertex system than the 
surface complex.  Since the analysis of HRTEM images of silver nanoparticle suggest the 
presence of (111) crystallographic planes at the surfaces, we believe that adsorption of 
PA on (111) plane is more probable in our experiment.  It is well known that in order to 
reach the state of thermodynamic stability, crystal faces with higher free energies will 
grow faster and be difficult to expose at the surface in large proportions.
289,302,303  
On the 
other hand, crystal faces with lower energies such as (111) can be exposed in large 




edges, corners, etc. in small proportions.  We thus believe that the simulation carried out 
with the Ag20 clusters is relevant to the real experimental conditions.  
 
The V-complex can be considered as adatom or adparticle structure.  It is believed that 
atomic scale roughness such as adatom or adparticle are crucial structures for short-range 
chemical enhancement mechanism.
304,305,306
  In our experimental system, we believe that 
it is more probable to have situations with adparticles on the (111) surface rather than an 
Figure 5.13  Orientation of perchloric acid on (a) surface and (b) vertex configurations 




ideally clean (111) surface as confirmed by TEM images.  The Raman intensity of PA 
with and without the presence of a silver cluster provides a direct measure of CHEM 
enhancements.  
 
We hence investigate further the Raman enhancement due to these two different binding 
situations.  We find that CHEM enhancement is stronger on a vertex configuration which 
is also energetically more favorable as its adsorption energy was found to be E
V
ads=-
0.117eV in contrast to E
S
ads=-0.144eV.  As discussed in other relevant work
302,307
 CHEM 
could be attributed to the ground-state interaction of the molecule with the metal.  This 
can be understood firstly by looking at the HOMO and LUMO orbitals of both 
complexes.  We see that while the adsorbate has no contribution on the HOMO of both S 
and V this is not the case for the LUMO orbital; the LUMO orbital is localized on PA but 
there is a higher contribution of the metal cluster on the LUMO of the V complex 
compared to the S complex which implies stronger interaction between metal-adsorbate 
in the vertex complex in terms of its electronic structure.  This also affects the magnitude 
of the static polarizability which is found to be higher for the V complex.  The above 
arguments are further verified by looking at the Ag-O bond length for the surface and 
vertex complex which is 0.391nm and 0.279 nm respectively.  This difference in bond 
distance is 0.11 nm and is due to the different binding geometry of the two complexes as 
seen in Figure 5.13, i.e. the V complex binds via a single oxygen atom to the cluster 
while the S complex interacts via three oxygen atoms.  This difference in bond length is 
also responsible for the red shift in the Raman intensity from 949 to 932 cm
-1
 observed in 
Figure 5.14.  Overall we observe an enhancement of about 2 orders of magnitude for the 
vertex compared to the surface complex.  Based on the large difference in the Ag-O bond 
length observed for Ag20 surface and vertex complexes, it is reasonable to assume that at 
the surface complex PA is physisorbed on the cluster while the vertex complex can be 







For BT, the experimental enhancement factor is more than two orders of magnitude 
higher than that calculated from the electromagnetic simulation.  This additional increase 
can be attributed to the contribution from chemical enhancement (which can reach 10
3
) 
for BT molecules chemisorbed on silver surface.
298
  However, the enhancement factor 
obtained for PA is lower than the theoretically predicted enhancements despite of having 
reasonable contribution from chemical enhancement mechanism.  This may be due to the 
low surface coverage of PA in the hot spots may be due to low binding affinity of PA to 
silver nanoparticles.  Although the observed enhancement is modest, the enhancement 
factor is ~2 orders of magnitude better than that obtained for 2D SERS substrates of 
silver nanoparticles with specific surface functionalization to facilitate adsorption of 
perchorate ion on the nanoparticles surface.  Based on our experimental and simulation 
studies it is proposed that the transmission of light, deposition of nanoparticles within 
first 10 µm microns depth of the membranes, binding of analyte molecules on specific 
Figure 5.14  Simulated SERS spectra of perchloric acid on Ag18 and Ag20 clusters with 




binding sites  are very important factors in achieving high  SERS activity of PAM-based 
SERS substrates.   
 
This study offers a new strategy to optimize fabrication of PAM-based SERS substrates 
that show high SERS activity.  The electromagnetic simulation of silver nanoparticle 
dimer inside the alumina membranes of different pore diameters helped us to optimize 
the fabrication of PAM-based SERS substrates with optimum pore sizes to enhance the 
SERS activity.  As suggested by the simulation, deposition of nanoparticles within the 
first few microns from the surface is found to be important in achieving enhanced SERS 
response.  Considering both experimental data from the z-distribution of Raman 
scattering and simulated results on electromagnetic field distribution for PAMs decorated 
with silver nanoparticles, we believe that the fine optimization of Raman activity for long 
cylindrical pores can be achieved by choosing the diameter of cylindrical pores around 
350-400 nm and a total length of within 10-12 µm.  Our DFT simulation provided further 
insight concerning the favorable orientation and binding site of the PA molecules as they 
attach to the silver nanoparticles, the Raman band positions and associated Raman active 
modes, as well as understanding of analyte-metal interaction and its effect on the SERS 
enhancement. In particular, we have focused on the chemical mechanism which shows 
higher contribution to the overall SERS enhancement than previously believed.   
 
In this work, we have demonstrated optimization of PAM-based substrates exhibiting 
high Raman enhancement factors by tuning transmission of light, deposition of 
nanoparticles on the cylindrical nanopores.  Also, the enhancement factor observed for 
3D observed is several orders of magnitude higher than that reported for traditional 2D 
substrates.  Overall, the current study provides an example of a comprehensive approach 




highly optimized 3D SERS substrates with enhancement factors of several orders of 





LABLE-FREE RAMAN MAPPING OF SURFACE DISTRIBUTION OF 
PROTEIN A AND IGG BIOMOLECULES 
6.1 Introduction 
Biosensing devices are designed to specifically bind selected biomolecules and 
subsequently convert this local event in to a measurable signal.
1
  The mechanism of 
biomolecular detection is frequently based on measuring specific optical absorption such 
as that implemented in the enzyme-linked immunosorbent assay (ELISA) method,
45
 
surface plasmon resonance (SPR) techniques,
53
 or fluorescence resonance energy transfer 
(FRET).
187
  These well-known methods, however, do not provide a ready pathway for 
facile and direct label-free detection of the biomolecular analytes within one measuring 
cycle.  These approaches often require a complex sequence of synthesis of labeled 
molecules and specimen preparation, which are costly, time-consuming, rely on synthetic 
routines which might/not might work for selected biomolecules and must be designed 
specifically for the biomolecular system of interest.  This novel, rapid, and simple method 
for the label-free trace detection of selected proteins has clear advantages such as no 
complicated sample preparation or multiple intermediate steps which facilitate “user-
friendly” and relatively universal biosensing routines.  In addition, such a facile routine 
should improve the range of prospective applications, limiting sensitivity, and accuracy 
of detection for future biosensing approaches. 
 
Among numerous methods of biodetection, surface-enhanced Raman scattering (SERS) 
has become an area of intense research as a highly sensitive probe for trace level 
detection of small molecules since the demonstration of single molecule detection.
20,22,169
  




a method for label-free sensing and analysis of proteins, down to single molecules, which 
was previously impossible due to the complexity of such biomolecules.
184,185,186
  In order 
to realize potential advantages of this approach, there have been various suggested 
designs to provide dramatic enhancement for the SERS response.  SERS phenomenon is 
possible due to the large electromagnetic fields that exist in the small gaps between metal 
nanostructures called hot spots.
308
  The design of the substrate on which the SERS 
phenomenon becomes significant is the most critical aspect of a sensitive biomolecular 
probe.
158
  Most popular designs involved various engineered substrates such as 
roughened metal nanoparticle films,
159,160 
metallic and bimetallic 
nanostructures,
71,164,165,166




Among important biological molecules, IgG is the most abundant immunoglobulin in the 
blood and is produced in large quantities during secondary immune responses.
121
  The 
binding of the Fc region of IgG, which coats microorganisms in the blood, and the Fc 
receptors of macrophages and neutrophils allows these phagocytic cells to bind, ingest, 
and destroy invading bacteria.
130
  The accurate and trace detection of IgG is extremely 
important in an effort to better understand its role in complement responses in the body 
and other concentration dependent roles it may play, as well as provide a precedent for 
the label-free detection of other biomolecules.  Standard fluorescent-based methods for 
IgG detection, such as ELISA, are widely used, but these methods have certain 
drawbacks such as photobleaching, time-consuming sample preparation, and a moderate 
limit of analyte detection.
72
  Previous SERS studies have been performed for IgG,
309,310
 
leading to a characteristic spectrum of this biomolecule.  These studies, however, show a 
range of peaks which are likely caused by complex enhancement, which depends upon 








In order to facilitate highly sensitive detection of trace amounts of biomolecules and 
separate numerous secondary contributions, a new substrate must be designed to allow 
selective adsorption of proteins in active regions, thus increasing the selectivity and level 
of detection and providing concurrently measured background for non-selectively 
adsorbed compounds under identical conditions.
313
  Micropatterned surfaces are 
frequently used as SERS substrates due to their high degree of order, simplicity of 
microstamping fabrication, and reproducible results, which cannot be provided by other 
surfaces.
314,315
  Soft lithography is a simple process that can be adopted to fabricate 
micropatterned arrays for selective adsorption.
316
  Micron-sized, long-range ordered 





The high degree of order provided by micropatterned surfaces is critically important for 
separating the SERS-enhanced spectra of the biomolecule of interest and any background 
from the substrate and non-specifically adsorbed species.  These surfaces also provide the 
researcher with the ability to easily tailor the pattern to the specific system being studied.  
Other advantages of the micropatterned substrate are the ease of position control when 
taking measurements and the elimination of common difficulties in background 
subtraction due to the simultaneous analyte and background measurements.  The 
micropatterned surface allows for more reliable detection of very small concentration of 
biomolecules due to identical collection conditions for signal and background and thus 
more accurate subtraction of substrate background, which might reach 50% at the lowest 
concentrations.  Collecting background spectra for surface areas from other specimens in 
a separate experimental cycle dramatically compromises the quality of the background 





In this study, we report on the rapid, label-free mapping of two selected biomolecules, 
protein A and IgG, adsorbed on a novel micropatterned SERS substrate down for 
nanomolar concentrations of solutions.  The model system exploited in this study is the 
well-known binding reaction of protein A to the Fc region of IgG.
318
  The substrate 
design suggested here provides a simple method that is much faster (less than 30 min of 
total experiment time) than current optical methods.   
6.2 Experimental details 
Silver nanoparticles were synthesized by the photoreduction technique described in detail 
in Chapter 3.
230
  A micropatterned silver nanoparticle substrate was prepared using 
capillary transfer lithography over a 5 mm x 5 mm area.  A simple diagram illustrating 
the soft lithography process exploited here is shown in Figure 6.1.  Three bilayers of poly 
(allylamine hydrochloride) (PAH) (Mw=70,000)/ poly (styrene sulfonate) (PSS) 
(Mw=70,000) and one more layer of PAH were deposited on a silicon substrate according 
to the standard procedure used in our lab.
319
  [100] silicon substrates (Semiconductor 
Processing) with a native silicon oxide layer with 1.6 nm thickness were cleaned with 
piranha solution (3:1 concentrated sulfuric acid and hydrogen peroxide mixture, 
Caution!), abundantly rinsed with Nanopure water, and dried with dry nitrogen stream in 
accordance with usual procedure.
320
  They served as hydrophilic substrates for spin-





A 400 nm thick polystyrene (PS) pattern with a periodicity of 10 μm defined by a 
polydimethylsiloxane (PDMS) stamp was then deposited onto the LbL nanocoating.  
After patterning, silver nanoparticles were deposited on the patterned surface and the PS 
pattern was dissolved in toluene leaving striped regions of silver nanoparticles similar to 






UV-Vis spectra of the nanoparticles were measured in both the solution state as well as 
aggregated on the micropatterned substrate using the methods detailed in Chapter 3.  
Fluorescent spectroscopy and microscopy were performed to determine the presence and 
binding locations of the proteins.  Atomic force microscopy (AFM) of the silver 
nanoparticle array before and after protein A and IgG deposition was conducted 
according to usual procedure adapted in our lab.
240,241
  High resolution AFM was 
performed with a Dimension Multimode-Nanoscope IIIa, for scans of 500 nm x 500 nm 
areas in an enclosed chamber kept at less than 2% relative humidity.  The AFM images of 
several different areas of the sample were collected and representative images were 
selected. 
 
For the detection of protein A and IgG on the SERS array, confocal Raman microscopy 
and mapping was used as described in Chapter 3.
243
  The image was acquired line by line 
with an Avalanche photodiode detector (APD) in the single photon counting mode by fast 
imaging with lateral resolution of ~500 nm and vertical resolution of 1 µm with a 50x 
objective lens.  For detection limit studies, the SERS substrate was exposed to protein 
solutions with a series of concentrations down to a 10
-10
 M for 30 seconds each and 
washed thoroughly with Nanopure water before collections of Raman spectra.   
Figure 6.1  Fabrication steps of the micropatterned SERS substrate with silver 
nanoparticles and subsequent binding of protein A and IgG.  The striped pattern of 




6.3 Results and discussion 
6.3.1 Nanoparticle and substrate characterization 
The soft lithography technique used to fabricate the micropatterned substrate is shown in 
the schematic in Figure 6.1.  The UV-vis absorption spectra of the particles before and 
after adsorption on the micropatterned surface are shown in Figure 6.2.  The silver 
nanoparticles synthesized here show a strong absorption band at 430 nm which is 
expected for non-aggregated silver nanoparticles with a citrate shell.
230
  The position of 
the absorption band corresponds to nanoparticles of 35 nm in diameter.
325
  Upon 
adsorption and aggregation on the surface of the micropatterned substrate, the plasmon 
band shifts to a longer wavelength, which is close to the wavelength of the laser used for 
the SERS measurements (514 nm), maximizing the SERS enhancement.  The red-shift of 
Figure 6.2  UV-vis spectra of the silver nanoparticles in solution and after aggregation 




the silver nanoparticle plasmon band is a result of the coupling of the surface plasmons of 





AFM scanning confirmed highly selective adsorption of silver nanoparticles on amine-
terminated areas (Figure 6.3a and b).  The optimal concentration of AgNPs adsorbed on 
the patterned substrated was determine by sequential deposition cycles of AgNPs from 
solution.  The maximum SERS intensity was seen at approximately 60% surface 
coverage.  Further deposition cycles of AgNPs resulted in nonuniform multilayers of 
nanoparticles with no further SERS intensity increase.  To further characterize the 
diameter of silver nanoparticles, high resolution AFM was completed for selected surface 
areas with uniform nanoparticle distribution within selected striped areas (Figure 6.3c).  
Cross-sections through individual nanoparticles revealed an average diameter of 33 ± 5 
nm, which corresponds closely to that suggested from the position of absorption band in 
UV-vis spectra (Figure 6.3d). 
 
6.3.2 Patterning of protein A and IgG 
As introduced above, the different surface elements of the SERS substrate were designed 
to allow selective adsorption of protein A on regions of the patterned surface containing 
silver nanoparticles (Figure 6.4).  The robust and uniform amine-terminated LbL 
nanocoating contributed to the specific adsorption of protein A on the SERS-active silver 
nanoparticles by preventing non-specific adsorption through electrostatic repulsion.  As 





by the well-documented specific binding of protein A to the Fc region of IgG (Figure 
6.4).  The adsorption of protein A was conducted at pH 5 where protein A exists as a 
more positively charged species.
329
  The pH for the adsorption of IgG was increased to 
pH 7 to prevent any electrostatic repulsion between protein A and IgG which can occur at 
low pH where both molecules are more positively charged.  The selective binding of the 
biomolecules is one of the most critical factors for SERS detection because the analyte 
Figure 6.3  AFM topographical images of the micropatterned substrate with (a) 50 µm x 
50 µm, (b) 20 µm x 20 µm, and (c) 1 µm x 1 µm scan sizes, and (d) a cross-section of 




must be present near the enhanced electromagnetic field located at metal nanostructure 
junctions.  The electrostatic attraction of protein A to the silver nanoparticles and the 
biochemical binding of the Fc region of IgG to protein A provides a clear pathway for the 
specific detection of the biomolecular species via SERS. 
 
 
Figure 6.4  Diagram illustrating suggested sequential adsorption of fluorescently-




In fact, by using fluorescein-labeled protein A and rhodamine-labeled IgG, it was 
possible to determine a sequence of the specific adsorption and binding of the 
biomolecules in striped regions containing silver nanoparticles by following different 
fluorescent bands (Figure 6.5).  The two different fluorophores selected for proper 
labeling, fluorescein and rhodamine, have two very different excitation wavelengths and 
emission wavelengths, which allows for the protein A and IgG adsorption to be 
separately monitored to verify the presence of each biomolecules.  The characteristic 
emission colors of fluorescein and rhodamine are green and red respectively as can be 
Figure 6.5  Fluorescent microscopy images of the silver nanoparticle micropatterned 
substrates (a) dark field before protein adsorption, (b) after fluorescein-conjugated 




revealed by excitation with different wavelengths (see discussion below and 
corresponding fluorescent spectra in Figure 6.6).   
 
The nanoparticle micropatterned surface was first exposed to a solution of fluorescein-
labeled protein A.  The fluorescent microscope image in Figure 6.5b clearly shows that 
the fluorescein is present only in regions containing nanoparticles as confirmed by 
comparison to the dark field image in Figure 6.5a.  This detection is possible because an 
excitation wavelength of 495 nm was used, which is the wavelength associated with 
fluorescein.  This result indicates that protein A is selectively binding to the silver 
nanoparticles on the substrate.  This will subsequently allow for specific adsorption of 
IgG onto the nanoparticles, resulting in the optimum condition for SERS detection of the 
Figure 6.6  Fluorescent spectra after the adsorption of protein A and IgG on the 
micropatterned substrate indicating the presence of both fluorophores after final 
adsorption stage.  The 538 nm peak indicates the emission of fluorescein-conjugated 
protein A obtained at an excitation wavelength of 495 nm and the 578 nm peak 
indicates the emission of rhodamine-conjugated IgG obtained at an excitation 




biomolecules.  The fluorescent emission of rhodamine molecules can also be clearly seen 
using an excitation wavelength of 550 nm following rhodamine-labeled IgG adsorption to 
the surface (Figure 6.5c).  Both fluorescence images show that the proteins specifically 
bind in regions containing nanoparticles, meaning that the proteins are in optimal 
locations on the sample for SERS enhancement. 
 
To assure that IgG was binding to protein A and not replacing it on the surface, additional 
measurements were performed.  In these measurements, fluorescent spectroscopy was 
conducted to confirm the presence of both fluorophores on the substrate at two different 
excitation wavelengths (Figure 6.6).  The presence of two strong bands (corresponding to 
fluorescein and rhodamine) on the fluorescent spectra of the final micropatterned 
substrate containing both fluorescein-labeled protein A and rhodamine-labeled IgG 
confirms the presence of both biomolecules following the final adsorption step.  The 
characteristic fluorescent emission peaks for fluorescein (538 nm) and rhodamine 
(578 nm) are both present after sequential adsorption with protein A.  This indicates that 
both proteins retain on the surface due to strong tethering between oppositely charged 
groups.  It is speculated that the shouldering that is present on the rhodamine-IgG curve 
may be the result of the complex interactions between the fluorophores and proteins 
present on the substrate.  This spectroscopic result shows that both protein A and IgG 
remained tethered to the silver nanoparticles after the final protein binding sequence and 
thorough washing cycles (Figure 6.4, bottom panel).   
 
High resolution AFM images of the micropatterned regions were additionally collected to 
determine the difference before and after adsorption of protein A and IgG on/between 
silver nanoparticles (Figure 6.7).  Figure 6.7a shows the region of the micropatterned 
substrate before exposure to the biomolecular analytes.  Smooth and round silver 




adsorption.  Following protein A adsorption on the substrate (Figure 6.7b) there is little 
apparent change in the surface of the particles in either the height or phase images.  This 
is likely due to the small size of protein A compared to the silver nanoparticles and the 
possibility that the protein has collapsed on the surface of the particles as a result of 
strong electrostatic interactions.   
 
Finally, the high resolution AFM images following IgG adsorption show roughened 
nanoparticles confirming that multiple small globules are bound to the surface of the 
nanoparticles after adsorption with several patches clearly visible on each nanoparticle 
(Figure 6.7c).  The drastic change in both the height and the phase image indicates that 
IgG is binding to the surfaces of the silver nanoparticles and not just adsorbed on 
surrounding surface areas.  The binding of the biomolecules in close proximity to or on 
the surface of the nanoparticles is necessary for SERS enhancement to occur.  These 
images indicate that IgG readily binds to the nanoparticles even with the modest 
concentration (5 x 10
-7
 M) and short exposure time (30 s) of the IgG used in these 
experiments.   
 
When concentration and exposure time were increased, multiple layers and complete 
coverage of the silver nanoparticles on the substrate was observed which completely 
masked initial domain morphology.  The typical Y-shape of IgG is not always visible 
using AFM because the biomolecule does not always exists in this state as a bound 
molecule.
330
  Globular conformations of bound IgG on surfaces similar to the bound 
protein shown in Figure 6.7c have been previously shown.
331
  The obvious change in the 
surface topography of the regions of the micropatterned sample containing nanoparticles 
combined with the previously discussed fluorescence studies clearly indicates that the 







Figure 6.7  High resolution AFM topographical and phase images of the silver 
nanoparticle regions of the micropatterned substrate (a) before, (b) after protein A 
adsorption, and (c) after IgG adsorption. The z-scale of all images is 80 nm.  The scale 




6.3.3 Raman mapping of adsorbed biomolecules 
Raman mapping visualized the selective surface distribution of the adsorbed 
biomolecules (Figure 6.8).  The significant enhancement of the Raman signal of protein 
A and IgG on SERS substrate is clearly shown in the mapping images.  The stripes from 
the micropatterned substrate can be seen in the mapping images.  The peaks of highest 
intensity in the Raman spectra of the two biomolecules used in this study were mapped 
across the substrate surface.  The peak mapped for protein A (Figure 6.8a) was the 
1507 cm
-1 
peak and the peak mapped for IgG (Figure 6.8b) was the 1649 cm
 -1 
peak.  
Figure 6.8c shows an optical microscope image concurrently obtained for the patterned 
substrate to guide to the location of the striped regions in the Raman maps.  The regions 
of the stripes shown in the figure that do not exhibit a complete and uniform response due 
to the low concentration of protein A and IgG used in this test.   
 
Figure 6.8  SERS mapping of the substrate following (a) protein A and (b) IgG 
adsorption and (c) an optical image of the substrate to indicate the location of the 
striped regions in the SERS maps.  The peak mapped for protein A was 1507 cm
-1
, 
indicative of lysine found in protein A, and the peak mapped for IgG was 1649 cm
-1
, 




The low concentrations of protein solutions used in this study and the very low exposure 
time (30 s) to the substrate prevented clogging the micropatterned substrate and the 
formation of relatively thick biofilms with an incomplete monolayer of biomolecules 
formed on the surface of the nanoparticle-decorated areas.  Indeed, cross-sections of 
AFM images show that the average nanoparticle height increased from 33 ± 4 nm to 38 ± 
3 nm following protein A and IgG adsorption, indicating that only about 4 nm of IgG 
could have adsorbed on the nanoparticle surface, which is less that the diameter of the 
native biomolecules.  Moreover, independent measurements with ellipsometry also 
confirmed that the increase of the effective thickness associated with adsorbed protein 
was less than 5 nm thus additionally confirming low surface coverage with biomolecules.  
When large amounts of IgG were used, the SERS intensity reached a point at which there 
was no change in intensity on the patterned regions.  The substrate was designed for the 
trace detection of biomolecules so there was limited testing at higher concentrations. 
 
6.3.4 Limit of detection of protein A and IgG 
A limit of detection study of protein A and IgG was also conducted using the 
micropatterned SERS substrate in order to demonstrate that fast, label-free, and trace 
detection is possible with this substrate (Figure 6.9).  The limit of detection of the 
substrate was determined based on the principle that the peak intensity of the analyte 
must be greater than background variation by more than a factor of 3.
68
  Spectra from the 
SERS substrate were taken in reflection mode after protein A adsorption and 
subsequently after IgG adsorption on the surface. 
 
For the IgG limit of detection, the substrate was exposed to a protein A solution of 10
-8
 M 
in order to prevent the very intense peaks of protein A from interfering with IgG 




knowledge of the amino acid sequence of protein A and literature data on characteristic 
vibrations for different amino acids (Figure 6.9a).
332
  The spectral peaks of 1150 and 
1507 cm
-1
 can be attributed to lysine and the peak at 1272 cm
-1
 can be assigned to 
glutamine and asparagine.  These three amino acids exist in high concentration in protein 
A.  As a result of the positive charge of lysine, it is thought that this residue of protein A 
exists in closest proximity to the negatively-charged SERS hot spots leading to a greater 
contribution to the overall spectrum of protein A from lysine than other residues present.  
 
The characteristic SERS bands of IgG can be also found following IgG adsorption 
(Figure 6.9b,c).  Raman peaks at 1366, 1511, 1574, and 1649 cm
-1
 are indicative of the 
tryptophan ν ring stretching and the peaks at 1511 and 1574 cm
-1
 also indicate the 
tyrosine ν ring stretching, which are both the characteristic Raman-active amino acid 
sequences of IgG.
310
  The peak at 1649 cm
-1
 is the most consistent peak seen in the IgG 
spectra, but seems to be shifted slightly in comparison to literature values.  This may be a 
result of the presence of protein A as an intermediate biding agent, as well as the fact that 
residues which include α-helical amide I groups from IgG may be bound closed to the 
silver nanoparticle hot spots than other parts of the IgG molecule.
333
  The SERS 
enhancement of protein A and IgG allows for accurate detection of the presence of these 
biomolecules while the micropatterned surface provides a platform which specifically 
binds protein A and IgG in silver nanoparticle hot spot regions.  The limit of detection 
was measured for a stepwise decreasing of protein solutions concentration down to 
100 fM (Figure 6.9).  For protein A the low limit of detection was determined to be 
around 5 nM as estimated from peak at 1507 cm
-1
 in accordance with a general procedure 










Figure 6.9  SERS spectra of (a) protein A and (b) IgG on the silver nanoparticle 
substrate compared to references of the neat micropatterned substrate and the substrate 
following buffer exposure.  The characteristic peak of IgG at 1649 cm
-1
 which is used 




For IgG protein, the Raman peak at 1649 cm
-1
, was used to follow the adsorption process 
with a very intense peak observed at 10
-6
 M concentration and only random background 
observed for 100 fM solution.  Increasing the concentration to 10 nM results in the 
appearance of a strong peak at 1649 cm
-1
.  The peak is less intense, but exceeds the 
random background level by a factor of 4 at 1 nM and thus gives the evaluation of the 
lowest detection limit achievable here as well below 1 nM (close to 500 fM).  Such a very 
low limit of detection of non-labeled IgG solution is within common limits of detection 
of these biomolecules reported in literature with different methods all of which require 
additional labeling procedure.
334
   
 
This study demonstrates that a nanoengeered substrate composed of micropatterned metal 
nanoparticles can be exploited for the SERS detection of the important bioanalytes, 
protein A and immunoglobulin G, at comparably trace levels as can be detected by 







APTAMER-ASSISTED ASSEMBLY OF GOLD NANOFRAME DIMERS 
7.1 Introduction 
Gold nanoframes are of particular interest due the wide range of plasmonic tunability in 
the visible and near infrared range that allows for electromagnetic field enhancement at 
longer wavelengths which is critical for biological applications.
335,336,337
  The use of these 
aggregated systems has shown particular potential in the field of surface-enhance Raman 
scattering (SERS) where such assemblies provide well-defined enhanced electromagnetic 
fields that in turn allow for the possibility of label-free detection of targeted molecules.  
A well-defined aggregated state of the gold nanoframes is critically important for SERS 
detection due to the uniform and highly enhanced electromagnetic field located between 
two particles.  Such nanostructures have been previously studied theoretically; however, 




The controlled aggregation or distance dependent assembly of other nanostructures such 
as spherical nanoparticles and nanocubes (of either silver or gold) has been realized 
through lithographic techniques,
204,205







 mediated assembly.  Many of these techniques are expensive, time-
consuming, and require extensive and precise surface modification and ligand exchange 
procedures, thus limiting their application for large area, high throughput, and easily 
tailorable substrate fabrication.  Current studies frequently lack the high degree of 
binding selectivity and specific spectral assignments that are possible with label-free 
SERS sensors.
169
  A “planet and satellite” approach has been taken to form hot spots 
between large central particles and small outer particles,
227,228
 however this approach 




challenge in the field of SERS detection is to tailor the hot spot region to the analyte of 
interest to provide a selective and label-free substrate for trace detection.  The hot spot 
design is particularly important in the field of biomolecule detection where many analytes 
often contain bulky sequences that must be well-understood in order to accurately assign 
Raman bands and correctly identify the target analyte. 
 
In this work, nanoframe dimers are assembled through the electrostatic interaction of 
oppositely charged nanostructures as mediated by small functionalized nanoparticles 
(Figure 7.1).  A linking spherical nanoparticle provides the critically important and well-
controlled binding distance and orientation of nanoframes.  The mediating nanoparticles 
also provide a consistent and specifically targeted binding moiety for biological sensing 
through aptamer modification.  The key feature of the gold nanoframe dimers is the 
Figure 7.1  Aptamer-assisted hierarchal nanoparticle assembly using nanoparticles and 




presence of a widened hot spot and coupled plasmonic resonances that allow for a larger 
region of plasmonic enhancement in which to detect the analyte of interest. 
 
The unique structure and functionality of the aptamer trapped between nanoframes allows 
it to be used as a capping agent for electrostatic binding of SERS-active gold nanocages 
while retaining the key selective binding properties needed for targeted detection of 
specific bioanalytes.  Aptamers are relatively short single-stranded DNA or RNA 
sequences that can bind target molecules with high affinity.
193
  These molecules are 
relatively compact and can be derived chemically, giving them a distinct advantage over 
antibodies for designing biofunctionalized “hot spots”.
132,133
  The target analyte in this 
study is riboflavin, a representative biomolecule that is a member of the B vitamin group, 
which can be bound by a selected aptamer.
339,340
  The lowest energy folding structure of 
these single-standed DNA aptamer sequences is determined using the well-developed 
Mfold software.
144
  Also known as vitamin B2, riboflavin is an important molecule for 
electron transfer reactions in the body, cell growth, and can even be used as a treatment 
for some clinical diseases.  The riboflavin binding aptamer used in this study was first 
developed by Lauhon et al.
143
 and has been successfully shown to specifically bind 




Indeed, aptamers have also recently been exploited in SERS sensors for the detection of 
adenosine.
133
  This method relies on the controlled nanoparticle junction formed 
following adenosine binding and shows preliminary detection results for a strong Raman 
marker, 4-aminobenzenethiol.  Huh and Erickson have also demonstrated the use of an 
aptamer to specifically detect the peptide hormone vasopressin using a fluorescent label 
as the Raman marker.
135
  These studies indicate that nanostructures containing aptamers 
can provide a powerful tool for biological detection, and thus new designs of such 




7.2 Experimental details 
The riboflavin DNA aptamer used to functionalize the gold nanostructures was obtained 
from IDT (Coralville, IA) and purified by standard desalting.  The riboflavin-binding 
aptamer sequence is: 5’ HS-ACTCATCTGTGAAGAGAG-GAACGACGGTGGTGGA 
GGAGATCGTTCC 3’ (Figure 7.1).  Spherical gold nanoparticles were synthesized using 
the seeded growth approach as has been previously reported and described in Chapter 
3.
109
  This procedure resulted in spherical gold nanoparticles with diameters of 15 ± 2 
nm.  A galvanic replacement technique was used to synthesize gold nanoframes from 
silver nanocube silver nanocube templates, also detailed in Chapter 3.
233
  Gold 
nanoframes were mixed with aptamer-functionalized spherical gold nanoparticles to form 
controlled aggregate structures for SERS hot spots through electrostatically driven 
aggregation (Figure 7.1).  The electrostatically directed assembly of the nanostructures 
was promoted by the strong positive charge of the polyallylamine hydrochloride (PAH) 
capping layer of the gold nanoframes and the strong negative charge of the aptamer-
functionalized gold nanoparticles.  The nanoframes were functionalized with a PAH layer 
on top of the polyvinylpyrrolidone (PVP) layer remaining from the fabrication of the gold 
nanoframes using a process similar to the layer-by-layer assembly technique previously 
published for silver nanocubes.
342
  The PAH layer was necessary to provide a strong 
positive charge to counter the negative charge of the aptamer capping agent of the 
spherical gold nanoparticles.  The surface density of the apatmer ligand is a critical factor 
in order to impart functionality to the aptamer rather than just modifying the surface of 
the nanoparticle.  After binding a high density layer of aptamer to the surface of the 
nanoparticles, 6-mercaptohexanol was then used to displace some of the aptamers to 





The mixed aggregated solutions of gold nanoframes and aptamer-functionalized gold 
nanoparticles were then dropcast on the cleaned silicon from dilute solutions in order to 
minimize drying effects on the aggregate size and composition.  Characterization was 
performed on the nanostructures to monitor dimerization with UV-Vis-NIR spectroscopy 
and Zeta-potential (Chapter 3).  The nanoparticle solution was added to a gold nanoframe 
solution in 100 µL aliquots for step-wise measurements.  Also, 200 µL of 10
-3
 M 
magnesium sulfate was added to promote aggregation as a passivating ion.   
 
Atomic force microscopy (AFM) scanning (Chapter 3) of the spherical gold nanoparticles 
before and after aptamer binding was conducted to verify the change in surface ligand 
size.  TEM was performed to determine the gold nanoframe and gold nanoparticles sizes 
as well as their morphology (including edge rounding) and the degree of aggregation of 
the final product.  The edge rounding factor is defined as the edge radius scaled by the 
length of the nanocube.  For the detection of riboflavin within the Raman active hot spot, 
confocal Raman microscopy with a 785 nm laser was employed as the incident light 
beam and a 100x objective lens with 1 second integration time.  For sample preparation, 
the mixed solution of nanoframes and aptamer-nanoparticles was premixed with the 
riboflavin analyte (from 100 µM to 1 µM) for 1 hour followed by centrifugation.  The 
supernatant containing unbound riboflavin was removed and the pellet was dispersed in 
water and dropcast on a silicon wafer for Raman analysis.   
 
Simulations of the extinction spectra of gold nanoframes and their dimers were done 
using commercially available software from Lumerical Solutions Inc. (FDTD Solutions, 
8.0.2).  For gold permittivity, we used material data from Johnson and Christy.
261
  The 
permittivity was fitted with six coefficients and an RMS error of 0.24.  The water 
permittivity data was taken from Palik
343
 and had an RMS error of 0.005.  A simulation 




chosen and the second conformal variant mesh refinement was used.  For the best 
simulation stability, the mesh area was chosen to be 120 nm larger than the existing 
structure in all three principal directions.  All simulations reached the auto shut off level 
of 10
-5
 before reaching 100 fs simulation time.  The perfect match layer (PML) method 
was use for boundary conditions. 
 
7.3 Results and discussion 
7.3.1 Nanostructure characterization and functionalization 
AFM analysis of spherical nanoparticles before and after aptamer binding showed 
individual round nanoparticles uniformly dispersed on a substrate that indicated no 
aggregation in solution (Figure 7.2).  The diameter of bare nanoparticles with the organic 
ligand (CTAB) was 15 ± 2 nm in the dry state.  The DNA aptamer for riboflavin was 
attached to the spherical gold nanoparticles using an adopted procedure from Liu et al.
237
  
Essentially the aptamer was modified at the 5’ end with a thiol group to bind to the gold 
surface as well as a random 18 nucleotide sequence to provide a spacer between the 
active portion of the aptamer and the gold surface allowing for proper function.  After 
aptamer grafting, the nanoparticle diameter increased to 19 ± 2 nm thus confirming the 
presence of the additional shell (see corresponding cross-sections in Figure 7.2e).  The 
UV-Vis spectra (Figure 7.2f) of the spherical gold nanoparticles before and after aptamer 
adsorption showed no peak shift or broadening indicate that very little aggregation 
occurred meaning individual nanoparticles were functionalized and can be used for 
subsequent electrostatic binding. 
 
Zeta-potential measurements additionally confirmed the successful grafting.  These 
measurements showed a change in the surface charge of the spherical nanoparticles with 




nanoparticles were modified with the negatively charged DNA aptamer.  As discussed 
previously, the gold nanoframes are additionally coated with a monolayer of PAH in 
order to impart a positive charge with +13.2 ± 7 mV potential.  The opposite charges of 
the aptamer-gold nanoparticles and the gold nanoframes then facilitate controlled 
aggregation into predominantly dimer structures due to close to zero charge balance of 
these nanoparticle-dimer aggregates. 
 
7.3.2 Dimer fabrication and characterization 
In order to achieve controlled dimer aggregation, a ratio of 4:1 spherical nanoparticles to 
nanoframes was used.  A small amount of magnesium sulfate was used in the mixing 
process to provide a passivating ionic solution which will promote aggregation and 
Figure 7.2  AFM topography images of gold nanoparticles before (a,c) and after (b,d) 




stabilize nanoframe dimers as has been shown previously.
206
  This ratio was found to be 
advantageous for dimer formation and avoiding aggregation by testing different 
nanoparticle concentrations.  A larger number of aptamer-functionalized nanoparticles 
compared to nanoframes were likely required because of the much smaller size of the 
spherical gold nanoparticles and differences in nanostructure solution concentrations.  
Also, higher target (riboflavin) binding can be promoted through a greater number of 
aptamer-coated gold nanoparticles within gold nanoframe hot spots. 
 
7.3.2.1 Optical properties of controlled aggregates 
UV-Vis-NIR spectroscopy confirmed a dramatic change in the plasmonic behavior of the 
mixed nanostructure solution as dimer aggregation occurred.  In order to monitor the 
dimerization and gradual aggregation of the nanostructure system, the aptamer-
functionalized gold nanoparticles were added in small aliquots (100 µL) while 
absorbance was measured after each addition, as shown in Figure 7.3a.  The broad nature 
of the absorbance spectra is likely a result of the variable aggregated states, rounding of 
the corners and edges of the gold nanoframes, and the close proximity of the spherical 
nanoparticles between and surrounding the nanoframe dimers.  There is a visible increase 
in the peak at 530 nm that corresponds to the addition of spherical gold nanoparticles 
while there is a broadening and dramatic red shift of the 965 nm nanoframe peak to 
1040 nm indicating progressing aggregation of dimer pairs leading to a gradual increase 
in plasmonic coupling between the gold nanoframes and spherical gold nanoparticles.  
The evolution of two additional minor peaks at 935 and 1160 nm after the final addition 
of aptamer-functionalized gold nanoparticles can be attributed to the dimerization of the 
gold nanoframes in various orientations as concluded from finite-difference time-domain 





7.3.2.2 Electron microscopy and plasmonic modeling of dimers  
Transmission electron microscopy (TEM) of the mixed nanostructure solutions of gold 
nanoframes and aptamer-functionalized gold nanoparticles showed a variety of 
aggregates with different aggregation numbers, nanoparticles present, gap dimensions, 
and nanoframe orientations (Figure 7.4).  However, statistical analysis of more than 100 
aggregates showed that vast majority of aggregates formed dimers.  Indeed, more than 
50% of all nanostructured aggregates were dimers of gold nanoframes, which indicated a 
fairly high yield given the use of only electrostatic binding for dimerization.  The TEM 
images show that the spherical nanoparticles have a tendency to bind to the edges and 
corners of the gold nanoframes, resulting in an average of approximately 2 spherical 
nanoparticles for each dimer pair that provide a greater number of functional targeting 
Figure 7.3  (a) UV-Vis-NIR spectra of gold nanoframes with increasing volumes of 
aptamer functionalized gold nanoparticles and (b) peak deconvolution of the final 




molecules within the widened hot spot.  The TEM images also show a very small number 
of nanoframes that contain impurities within the frame indicating incomplete etching 
during synthesis; however, these structural impurities are not considered to provide a 
large contribution to the overall SERS enhancement of the system and are not considered 
in simulations.  Moreover, statistical analysis shows that when the nanoframe dimers 
form, there are consistently three representative nanoframe arrangements dominating the 
overall picture: face-to-face, face-to-edge, and edge-to-edge.  The majority of dimers 
(80%) form face-to-edge and edge-to-edge orientations likely as a result of the spherical 
gold nanoparticles that are bound between the gold nanoframe pairs. 
 
Therefore, these three different nanoframe orientations were used for modeling the 
plasmonic signature of aggregated nanoframes important for their SERS behavior 
(Figure 7.5).  In comparison with previous publications regarding nanoframes, we 
improved our simulation by using cylindrical edges and spherical corners instead of 
rectangle edges and corners to be closer to the real nanostructures.
335,338
  The nanoframes 
were constructed using cylindrical edges and spherical corners for following FDTD 
Figure 7.4  TEM images of gold nanoframe dimers electrostatically assembled using 




simulations to recreate actual morphologies with actual dimensions from the observed 
TEM images.  The gold nanoframe wall thickness was found to be approximately 11 ± 
3 nm with some variation in thickness along the edges. 
 
The simulated plasmon resonances for all three orientations show two major peaks which 
correspond to conventional transversal and longitudinal modes of frame elements and 
edge-to-edge dimers showing red shifts and broader peaks.
344
  The simulated peak for 
15 nm spherical gold nanoparticles is also included in the plot for reference.  The 
simulated resonance peaks are much sharper compared to the broad experimental 
absorption peak with dramatic broadening of the experimental peak caused by the 
variable wall thickness and edge waviness.  Indeed, the simulated results of different wall 
thicknesses show that even small changes of around 1 nm in wall thickness results in a 
peak shift between 60 and 95 nm.  Consequently, the plasmonic resonances should be 
Figure 7.5  (a) Models of gold nanoframe aggregation conditions, (b) FDTD method 
modeling to describe the characteristic plasmonic behavior of gold nanoframes 
resulting from wall thickness variation and (c) the evolution of the 935, 1080, and 
1160 nm peaks based on the orientation of gold nanoframe dimers and the spherical 




significantly broadened for actual nanoframes due to varying wall thickness.  In addition, 
the peak width is a result of the imaginary part of the dielectric constant (damping) used 
in the simulation, which is caused by interband transitions for which additional correction 
could be made by using the Drude model correction
345
 or a quantum-corrected model,
346
 
which is beyond the scope of this study. 
 
In order to accommodate these very sensitive parameters, statistical analysis of TEM 
images was used to estimate a weighting function to combine different modeled sizes of 
rounded nanoframes that allows for the accurate description of the experimental peak 
location.  The experimentally measured and modeling weight functions varied slightly 
likely as a result of uncertainties in measuring the wall thickness; however both the 
measured and fit curves follow the same trend and the difference in average value was 
statistically insignificant. 
 
The deconvolution of the final mixed nanostructure solution UV-Vis-NIR spectrum 
shown in Figure 7.3b shows the presence of three characteristic peaks at 935, 1080, and 
1160 nm which are identical to the peak positions shown for the edge-to-edge 
configuration modeled in Figure 7.5.  The broad nature of the experimentally observed 
spectrum indicates that all configurations of gold nanoframe dimers likely contribute to 
the overall plasmonic behavior.  The modeling shows that upon aggregation into dimers, 
the experimentally observed coupled plasmonic peak splitting can be qualitatively 
described by the three configurations used in simulations (Figure 7.5).  This indicates that 
the primary contribution of the experimentally observed extinction spectrum of the 
aggregated particles is a result of the dimerization of gold nanoframes due to electrostatic 





7.3.3 Verification of selectivity and specificity using SERS 
In order to provide a preliminary test of the SERS properties of the nanoframe dimers, the 
nanoframe solution was exposed to solutions of riboflavin with concentrations ranging 
from 100 µM to 1 µM, a specific targeted analyte for the aptamer exploited in this 
study.
143
  The selective binding properties of the aptamer should allow for the direct 
localization of the analyte of interest in hot spot regions between the nanoframes forming 
the dimer.  Figure 7.6a shows that the reference spectrum of the gold nanoframes 
combined with the aptamer-coated gold nanoparticles has very little signal interference 
with the characteristic riboflavin peaks, therefore facilitating trace level detection.  The 
reference spectrum of gold nanoframes alone exposed to 100 µM riboflavin also shows 
that there is little enhancement from the gold nanoframes alone indicating the necessity 
for dimerization and the presence of a targeted (aptamer) approach for selective sensing.  
When the gold nanoframe dimer system was exposed to two different bioanalytes 
(epinephrine and serotonin) that are also important stress-related biomarkers, there was 
no detectable signal which demonstrates the inherent specificity of the aptamer targeting 
agent. 
 
The riboflavin SERS spectrum exhibits a range of peaks that can be attributed to 
riboflavin using literature values as well as through comparison to the reference bulk 
riboflavin spectrum.  Detailed analysis of the enhanced Raman spectrum of riboflavin 
from the literature and has been used for riboflavin peak assignments.
347,348
  The weak 
intensity bands located at 748 and 794 cm
-1
 can be attributed to ring breathing and 





Figure 7.6  (a) Raman spectral comparison of gold nanoframe-gold nanoparticle dimer 
references with riboflavin on nanoframes only, aptamers on gold nanoparticles 
reference, epinephrine and serotonin on gold nanoframe-gold nanoparticle dimers, and  
bulk riboflavin. (b) Limit of detection study of riboflavin on aptamer-functionalized 
nanostructure dimers with concentrations ranging from 100 µM to 1 µM as well as 




The peaks at 1166 and 1190 cm
-1
 are a result of in-plane aromatic ring bending 
vibrations.  The medium intensity peak at 1235 cm
-1
 is from twist bending vibrations of 
C-H and O-H groups.  The very strong peak at 1356 cm
-1
 as well as the weaker peaks at 
1410 and 1474 cm
-1
 can be assigned to carbon-nitrogen and carbon-carbon stretching.  
Finally, the peaks at 1504, 1544, and 1587 cm
-1
 are due to carbon-nitrogen, carbon-
carbon, and carbon-oxygen stretching.  Small shifts in peak positions are expected for 
complex binding situations such as in the different dimer pairs.  The intensity and 
position of the described peaks is highly dependent on the orientation of the bound 
riboflavin molecules and the nature of substrates.  The spectra in Figure 7.6b most closely 
match the orientation of riboflavin functional groups expected on gold surfaces.
348
   
 
The SERS enhancement factor for this design cannot be estimated easily because of 
widely varied assumptions such as the exact number of riboflavin molecules located in 
the hot spots.  Therefore, in order to estimate to sensitivity of these nanostructures we 
rather use the alternative method of the direct experimental measurement of the 
accessible detection limit by detecting several solutions with diminishing concentration 
(Figure 7.6b).  The intensity change of the characteristic peak at 1356 cm
-1
 with 
decreasing concentration indicates the viability of this gold nanoframe dimer system as a 
sensor for trace detection of bioanalytes with a limit of detection of 1 µM for riboflavin 
as determined by a signal to noise ratio greater than 3:1.  This practical ambiguous result 
indicates that the SERS design proposed is capable of trace detection on a level better 
than most of alternative methods reported to date.
143
  These results indicate that the 
widened hot spot of the gold nanoframe dimer properly allows for the specific binding of 
riboflavin molecules to the aptamer targeting molecule grafted to the gold nanoparticles 
at very low concentration and demonstrate the potential of such dimer nanoframe designs 





A novel design for biological sensing with potentially high selectivity has been suggested 
here with aptamer-functionalized gold nanoparticles used as a dual purpose element to 
both create a widened nanostructure hot spot by electrostatically dimerizing gold 
nanoframes as well as binding the analyte of interest within a hot spot for trace SERS 






GENERAL CONCLUSIONS AND BROADER IMPACT 
8.1 General conclusions and discussion 
The design of effective and applicable SERS sensors requires that the sensing platform be 
reliable and consistent, highly selective for the specific analyte of interest, incorporate 
plasmonic hot spots composed of noble metal nanostructures that are highly enhancing, 
and be cost effective and easy to use in the field of application.  In order to transition this 
sensing technology into the field of biological and medical diagnostics, these sensing 
substrates must additionally be biocompatible, effective for the detection of larger 
molecules (proteins), bind biomolecules in their natural conformation so as not to 
denature the molecule, and also be able to detect biomolecules across the range of 
physiologically relevant concentrations.  In this study, two specific task were addressed 
to direct the field of SERS sensing technology in the design of substrates:  
 
1) a detailed analysis of the underlying phenomena that relate to electromagnetic and 
chemical enhancement mechanisms and how the enhancement can be effected and 
maximized by tuning the characteristics of the three-dimensional plasmonic substrate 
including pore dimensions, and particle size, shape, location, and aggregated state,  
 
2) the development of highly controlled SERS sensing platforms that allow for the 
selective, sensitive, and label-free detection of biomolecules and non-resonant organic 
molecules. 
 
A detail study of how the physical characteristics of silver nanostructures in porous 




conducted.  This work demonstrated the extremely high enhancement factors that can be 
achieved using three-dimension SERS substrates even when detecting non-resonant 
chemical species.  This study considered both experimental data from the z-distribution 
of Raman scattering and simulated results on electromagnetic field distribution for 
alumina membranes decorated with silver nanoparticles.  We can conclude that one of the 
significant finds of this study is the optimization of Raman activity for long cylindrical 
pores can be achieved by choosing a diameter of cylindrical pores around 350-400 nm 
and a total depth of 10-14 µm.  SERS substrates fabricated from porous alumina 
membranes with 355 nm pore diameters exhibited enhanced SERS activity by achieving 
increased transmission of light through the membranes in addition to the inherent 
waveguiding properties associated with alumina membranes.  The Raman enhancement 




 for the common Raman 
marker benzenethiol and the non-resonant, stealthy molecule perchloric acid, 
respectively.  The enhancement factor observed is several orders of magnitude higher 
than that reported for traditional two-dimensional substrates and random porous solids.   
 
The approach described here provides an efficient pathway for further development of 
nanoporous and holey designs, which can allow the detection of trace concentrations of 
not just known Raman markers, but also practical target molecules with low Raman 
cross-sections such as explosives, hazardous chemicals and gases, and biomarkers.  This 
was demonstrated by the record limit of detection for n-methyl-4-nitroaniline, a binder 
and stabilizing agent in plastic explosives that can easily off-gas during storage, in the 
vapor phase of 3 ppb.  This work provided specific design criteria regarding substrate 
characteristics such as pore size, light penetration depth, and nanostructure type as they 
relate to electromagnetic enhancement; however, it was clear that additional work was 
required in order to fully understand the binding mechanisms and molecular orientation 





The bonding interaction of the analyte, in particular non-resonant analytes, can influence 
the overall SERS enhancement and is a critical factor to consider when developing a 
sensing device.  Chemical enhancement during SERS detection can be described as a 
combined effect of the charge transfer mechanism, the molecular resonance mechanism, 
and the non-resonant chemical mechanism.  The first two are the most dominant and 
occur often with resonant molecules, but play a lesser role when detection non-resonant 
species.  In this study, perchloric acid was used as the target analyte and the non-resonant 
chemical mechanism was found to be the dominant mechanism for chemical 
enhancement.  The key discovery in this work was the finding that the non-resonant 
chemical mechanism for chemical enhancement of perchloric acid bound to silver 
nanoparticles was dependent on the size of the silver cluster, the orientation of the 
perchloric acid molecule, and the exposed face of the silver nanoparticle.  As the silver 
nanoparticle cluster size increased, the level of Raman enhancement due to the non-
resonant chemical mechanism was found to increase due to a higher degree of particle-
analyte interaction which maximized its possible contribution to the overall SERS 
enhancement. 
 
It was also found that the highest level of enhancement occurred when the perchloric acid 
bound to the silver surface through oxygen atom on the (111) crystallographic plane of 
the silver nanostructure.  Although other crystal faces have higher energies, they are 
much less likely to occur on spherical silver nanoparticles as confirmed with HRTEM 
and likely contribute little to the real experimental enhancement.  These results indicate 
the role of the non-resonant chemical mechanism and how to modify the SERS substrate 
design to enhance these contributions.  Understanding the molecular interaction at 
different exposed crystal faces will allow for a better understanding of optimal SERS 





Next, we focused on the development of a nanoengineered substrate composed of 
micropatterned metal nanoparticles that can be exploited for the SERS detection of the 
known bioanalytes, protein A and human immunoglobulin G (IgG).  The amine-
terminated nanocoating prevents the surface adsorption of positively charged protein A 
across the surface except the selective patterned regions containing negatively charged 
silver nanoparticles.  In turn, protein A facilitates subsequent selective adsorption of IgG 
on predetermined regions.  SERS detection was made possible by the high concentration 
of hot spots, which occurred between the densely packed silver nanoparticles.   
 
This design possesses advantages over current methods such as ELISA, SPR, and FRET, 
which include label-free and fast detection using a simple and cost effective substrate 
fabrication technique.  The most critical finding using this approach is the accurate, 
sensitive, and more selective detection of protein A and IgG than current protein 
detection methods with the lowest limit of detection for IgG protein solution of below 
1 nM, which is comparable to the sensitivity of traditional optical biosensing methods 
that require much more complicated and time-consuming labeling and indirect detection 
steps.  An additional clear advantage of this highly sensitive SERS method on an 
engineered substrate is the speed of detection and simple substrate preparation.  
Moreover, this method does not require several binding and purification steps as in 
ELISA which can take hours to complete.  Simple exposure of the substrate to the 
biomolecule solution allows for rapid SERS detection in less than 30 minutes.  This 
method is also cost-effective in that fluorescently-labeled proteins are not required for 
detection. 
 
The robust and label-free detection of the positively-charged protein A is based on 




silver nanoparticle hot spots and thus can be applied to a wide variety of proteins 
properly (positively, for this design) charged.  Micropatterned SERS substrates with 
defined and functionalized enhanced regions have the potential to provide a simple, fast, 
label-free, selective, and economical substrate for the Raman mapping of a wide range of 
adsorbed biomolecules.  We suggest that such organized structures with a high density of 
hot spots could also be utilized for the detection of low concentration protein solutions in 
clinical, forensic, industrial, and environmental laboratories. 
 
Finally, we developed a biological sensor with a key focus on promoting controlled hot 
spot fabrication that allows the binding of bulky biological analytes within SERS 
activated enhanced region.  A novel development in this work was that directed gold 
nanoframe dimerization resulting in widened enhanced regions for SERS detection of 
bulky biomolecules was demonstrated experimentally for the first time and described and 
confirmed through detailed UV-Vis-NIR spectroscopy and TEM analysis combined with 
finite-difference time-domain modeling.  Gold nanoframe dimers were shown to provide a 
high SERS enhancement without interfering with the riboflavin spectrum and detection 
was demonstrated down to 1 µM.  The controlled aggregation and highly-specific 
localization of the targeted analyte in this nanostructure assembly approach provides a 
much higher degree of target specificity than can be achieved with current bio-SERS 
sensors with non-specific organic ligands. 
 
The findings in this work related to the electromagnetic and chemical enhancement 
effects with three-dimensional SERS substrates, the identification of the characteristic 
properties of the substrate that can be tailored to maximize these enhancement factors, 
and the application of this knowledge to design biological SERS substrates with high 
selectivity and specificity may lead to signification impacts in the field of SERS detection 




8.2 Significance and broader impact 
The further development of sensor technologies will require progress in the 
implementation of sensing mechanism that are label-free, sensitive, fast, non-invasive, 
and highly selective for target analytes.  One such sensing technique is surface-enhanced 
Raman scattering, which is highly advantageous due to its inherent signal specificity as a 
result of the direct identification of chemical functional groups, its portability, and speed 
of detection.  However, due to the low signal intensity cross-section of Raman detection 
compared to other techniques such as fluorescence, this method has shown little 
application in current fast-growing fields such as biomedical, environmental, and 
chemical detection.  In order to provide the needed technological developments to 
establish SERS as a useful sensing platform, the understanding of its underlying 
enhancement phenomena as well as the integration of novel nanotechnology and 
biochemistry must be employed in future SERS substrate design.  These goals are 
accomplished in the present study through a detailed analysis of substrate and 
nanostructure characteristics that can be manipulated to affect both electromagnetic and 
chemical enhancement and the design of functionalized widened hot spots for biological 
detection and arrayed protein sensors. 
 
Table 8.1 shows a list of issues facing the application of SERS sensors for real-world 
detection that was compiled from articles by several leading experts
120,349,350
 and the 
specific solutions to these issues that have been described in this work.  As is widely 
accepted, the critical issue for SERS sensor application is the reliability and 
comparability between different substrate designs and this includes the materials choices 
for both the substrate platform and the plasmonically-active enhancing element, the 
fabrication approach for the sensor, the complete characterization of the specific sensor 




and the expansion of SERS detection into real-world fields with a variety of target types 
including chemical, environmental, and biological molecules. 
 
 
Materials selection plays an important role in any device fabrication and this holds true 
for SERS sensing platforms.  Historically, the typical SERS substrate has transitioned for 
roughened silver electrodes, to metal nanostructures randomly deposited on surfaces, to 
Table 8.1.  The critical issues and possible solutions for improved SERS sensor 
design and application. 
 
Grand Challenges in SERS Sensors Progress and Novelty in this Work
Materials
New noble metal nanostructures and substrate 
platforms with unique plasmonic properties.
Fabrication
New robust techniques for patterning, 
nanostructure depositon, and analyte exposure.
Fundamentals
Deeper understanding of underlying 
phenomena related to enhancement and how 
they can be manipulated.
Targets
Enhance the application of Raman spectroscopy 
by determining methods for detection of 
analytes in new fields.
˃ Developed highly enhancing 3D substrate to detect the 
"invisible" perchloric acid.                                                              
˃ Used a protein-A functionalized micropatterned 
substrate for the nM detection of IgG.                                      
˃ Produced apatamer functionalized gold nanoframe 
dimer hot spots for µM detection of riboflavin.
˃ Developed guidelines to maximize electromagnetic 
enhancement related to substrate and nanostructure 
physical properties.                                                                           
˃ Relate the chemical enhancement mechanisms related 
to the intentional enhancement of non-resonant 
molecules.
˃ Established specific criteria for control of cluster size 
and aggregated state for silver nanocubes in PAMs.           
˃ Micropatterned silver nanosphere arrays for spacial 
control of enhanced regions.                                                                        
˃ Gold nanoframe dimerization for specific widened  hot 
spot design.
˃ Use of silver and gold nanostructures with spherical, 
cubic, and frame shapes for expanded plasmonic 
tunability.                                                                                              
˃ Development of three-dimension porous alumina 





solution-based metal nanoparticle-facilitated detection, and now to more advanced three-
dimensional constructions.  The significance of the transition to the third dimension is the 
ability to excite many noble metal nanostructure hot spots within the laser footprint 
leading to record enhancement factors and highly consistent measurements over large 
area substrates for the detection of non-resonant molecules.  The unprecedented level of 
enhancement (EF=10
10
 for electromagnetic enhancement only) that can be achieved using 
the porous alumina substrates in this work is a direct result of novel sensor design using 
the specific advantageous materials properties of the substrate components.  This includes 
the significant waveguiding characteristics of alumina which results in multiple 
reflections through large (greater than 10 µm) depths of pores and multiple hot spot 
excitation events.  The enhancement is also a direct result of the plasmonic material 
selection of extremely dense electroless-deposited silver nanoparticles or highly-ordered 
silver nanocube aggregates throughout the pore depth. 
 
These three-dimensional substrate designs with controlled nanostructure clusters will 
have a broad impact in future SERS sensor design and detection technologies as a result 
of their record high enhancement factor and ability to detect stealthy, non-resonant 
molecules at low concentrations.  These devices have implications across all detection 
fields including military monitoring of explosive storage and in-the-field detection, flow 
sensors for biomedical applications, and continuous environmental monitoring with real-
time readout. 
 
The fabrication of SERS substrates must also be advanced in order to become useful in 
modern detection systems.  This includes both the fabrication of the sensing platform as a 
whole and the assembly of the nanostructured hot spot junctions within substrate while 
keeping in mind that the ultimate goal for the broad application of SERS is to maximize 




are tailored to the analyte of interest is a critical development for SERS sensing.  A truly 
novel approach for hot spot formation was developed that utilized an aptamer ligand not 
only as the biorecognition element that imparted specificity to the target, but also as the 
mechanism for widened electrostatic hot spot assembly.  The plasmonically-active 
material was also significant for the field as the electromagnetically enhanced region of 
gold nanoframe dimers is much wider (greater than 10 nm) than typical nanostructure 
aggregates and can allow large biomolecules to bind within this region.  This approach 
provides a unique sensing design that could have a great impact for future biomedical 
sensors.  The interesting assembly mechanism of this approach can provide an extremely 
high degree of specificity depending on the analyte as well as a high level of signal 
enhancement and detailed label-free detection. 
 
For simplified biodetection designs, the micropatterned substrate developed with silver 
nanoparticles with specifically-functionalized detection areas can allow for the 
simultaneous detection of the analyte and non-specific background adsorption of 
biomolecules for real-time analysis.  This method provides an element of simplicity that 
makes it an attractive alternative for current point-of-care assessment techniques.  The 
selectivity that can be added by functionalizing the metal nanostructures also 
demonstrates the unique ability of such a sensing platform to be used in complex 
physiological fluids.  This micropatterned design can be used as a basis for future 
substrate fabrication as the patterned nature of the detection scheme could allow for 
multiplex detection of different biotargets simultaneously. 
 
In order to advance the knowledge in the field of SERS detection and sensor design it is 
imperative that the fundamental enhancement phenomena related to electromagnetic and 
chemical elements be understood and studied in the context of sensors utilizing the third 




that allows multiple interactions with nanostructure hot spots was a critical goal for this 
study and has significant implications in the developing guidelines for SERS sensor 
design.  The work presented here shows, for the first time, a detailed study of the 
electromagnetic enhancement of silver nanosphere and silver nanocube clusters through 
empirical measurement and confirmed through simulation.  The analysis of solely the 
electromagnetic portion of the enhancement allows this substrate to be compared with 
other current state-of-the-art designs and proves that the highest overall enhancement can 
be achieved in three-dimensional substrates as a result of the much larger area of signal 
collection within the laser excitation footprint.  This research also provides a basis for 
future progress in the field of organized three-dimensional SERS sensor design by 
describing ideal substrate and nanostructure characteristics for maximized enhancement 
and substrate-to-substrate consistency. 
 
A second critical factor in substrate design is the understanding of the influence of 
chemical enhancement in SERS detection.  This element of enhancement is largely 
overlooked as it is generally a target specific behavior.  However, this work has provided 
a precedent for incorporating specific design criteria, such as exposed crystal faces of 
the nanostructures and binding orientation manipulation, to impart the addition non-
resonant chemical enhancement mechanism for further amplified Raman signal.  This 
enhancement factor can add to the overall enhancement mechanisms that are typically 
used to maximize SERS signal.  Control or direction of the binding orientation of the 
target analyte in SERS detection systems is typically not a concern as most systems 
utilize non-specific binding.  However, by using specific biorecognition elements, the 
target biomolecule can be specifically located within the plasmonic hot spot and still 
maintain a physiologically-relevant conformation.  This fundamental study will add to the 




manipulate the nanostructure system to maximize previously untapped mechanisms of 
chemical enhancement. 
 
The novel three-dimensional design and fundamental understanding of SERS substrate 
has broad implications in the field.  There is a clear application for this technology in the 
future of sensing if new substrates can be designed with the incorporation of the criteria 
described here related to improving the electromagnetic and chemical enhancement for 
higher sensitivity.  There is potential for the development of more organized three-
dimensional porous structures that may possess improved waveguiding or reflective 
properties that can use the principles of nanostructure design and alignment as well as 
pore size matching with the excitation source developed in this work to guide their design 
and fabrication.  The next step in the future development of organized three-dimensional 
porous substrates could lie in the use of patterning technology to allow multiplexed 
detection of many analytes at the same time for rapid and thorough detection.  The unique 
cylindrical through-pores of these substrates may also allow for their application in 
microfluidic and separation devices that can provide non-invasive point-of-care 
diagnostics for the medical field. 
 
The controlled construction of gold nanoframe widened hot spots has provided a basis for 
future SERS sensors that can now have application for the detection of bulky 
biomolecules rather than small organic molecules.  These aggregates also possess the 
extremely high level of specificity that is a result of the use of aptamers for 
biorecognition.  This facile demonstration of aptamer ligands for label-free SERS 
detection of a biological target could serve as a foundation for future substrate designs 
that incorporate such highly specific functionality.  Based on the two main tasks 
presented in this work, the next step is to combine the technologies to create a 




of selectivity as a result of the targeting ligand used for detection as well as the controlled 
hot spot formation that is dictated by electrostatic coupling of oppositely-charge surface 
chemistries.  Through the use of the design criteria for maximizing enhancement in three-
dimensional substrates and the predicate biological sensors utilizing widened hot spots 
and micropatterning described in this work, next generation SERS substrate design will 
be able to tailor their plasmonic behavior and selective chemistries to the target of choice 
to provide a reliable, multiplexed, and highly enhanced Raman measurement for label-
free detection. 
 
The deeper understanding of the fundamental enhancement mechanisms with a specific 
focus on novel three-dimensional designs combined with the intentional formation of 
complex widened hot spots and patterned substrates with unique nanostructure shapes 
will make a significant impact on the progress of the field of SERS sensing.  Substrates 
utilizing the specific design criteria developed in this work could make a large impact in 
the fields of point-of-care biological diagnostics, in-the-field chemical sensing and 
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